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ABSTRACT 

PLIN3 and PLIN5 have been shown to localize to skeletal muscle mitochondria. 

Hypotheses state that these PLINs could facilitate lipid droplet-mitochondrial 

interactions, however, this would presumably require that they would localize to the outer 

mitochondrial membrane (OMM). The purpose of this study was to sub-fractionate 

skeletal muscle mitochondria at rest and following contraction to determine the precise 

intra-mitochondrial localization of PLIN3 and PLIN5. At rest, PLIN5 was primarily 

found in the OMM/intermembrane space (IMS) fraction, however, following contraction 

there was a redistribution of PLIN5 protein content towards the mitoplasts. PLIN3 protein 

content localized to the OMM/IMS at rest and was unchanged with stimulation. Co-

immunoprecipitation found PLIN5 associated with both ACSL1 and CPT I at rest and 

following contraction while PLIN3 only associated with ACSL1. CPT I and II also 

associate, allowing for a link between the two membranes that may help explain the shift 

of PLIN5 to the mitoplast following contraction.  
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CHAPTER 1 

Introduction 

 

 Fat storage in lipid droplets is essential for survival of organisms when there is a 

limited food supply or in times of increasing energy demand. Lipid droplets are located in 

the cytoplasm of skeletal muscle and are the functional unit for fat storage in all tissues 

types. In general, lipid droplets are comprised of an outer phospholipid monolayer that 

encases a neutral lipid core comprising mainly sterols, cholesterol esters, and 

triglycerides. The phospholipid monolayer is coated with lipid droplet proteins or 

'perilipins' that regulate lipid metabolism, signaling, cytoskeletal proteins, and act as 

chaperone proteins (Brasaemle, 2007). Lipid droplets serve to protect the cell by 

sequestering lipids into a protective environment and preventing excessive accumulation 

of lipid intermediates such as ceramides, diglycerides, and sphingolipids, which 

putatively cause ‘lipotoxic’ outcomes such as insulin resistance and apoptotic cell death 

(Brown, 2001). Investigations of the localization of newly discovered proteins in cultured 

cells have further defined the lipid droplet as a distinct subcellular compartment organelle 

(Brasaemle, 2007). The lipid droplet is now recognized as a dynamic organelle with 

distinct lipid and protein composition and important functions in the maintenance of 

cellular lipid homeostasis, energy storage, and the production of signaling lipids 

(Brasaemle, 2007). During times of fat utilization as a source of energy, fat molecules 

that are stored as triglycerides within the lipid droplet will be broken down through a 

number of lipolytic reactions which produce free fatty acids. These free fatty acids will be 

transported from the lipid droplet to the mitochondrial matrix where they are used as 

substrates for energy production through beta-oxidation.  
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 Mitochondria are a network organelle that is biochemically responsible for the 

oxidative energy production from both carbohydrates and fat. Two phospholipid 

membranes characterize the mitochondrial reticulum, with the membranes/fractions 

serving different functions. First, starting at the outer mitochondrial membrane (OMM), 

this layer acts as the gateway and is porous and freely traversed by ions and small, 

uncharged molecules through pore-forming membrane proteins (porins), such as the 

voltage-dependent anion channel (Kuhlbrandt 2015). Any larger molecules, especially 

proteins, have to be imported by special translocases. The second fraction called the 

intermembrane space (IMS) refers to the ~20nm gap between the outer membrane and 

inner membrane where ion gradients are built up and other proteins are held before 

entering the matrix. The IMS must contain large number of the carrier proteins that 

shuttle ions, adenosine triphosphate, adenosine diphosphate, and small metabolites 

between the cytoplasm and the matrix (Kuhlbrandt 2015). The next layer is the inner 

mitochondrial membrane (IMM), where oxidative phosphorylation takes place in a suite 

of membrane protein complexes that create the electrochemical gradient across the inner 

membrane, which is used for ATP synthesis. The IMM is a tight diffusion barrier to all 

ions and molecules. These can only get across with the aid of specific membrane 

transport proteins, each of which is selective for a particular ion or molecule (Kuhlbrandt 

2015). The innermost compartment, surrounded by the IMM, is the mitochondrial matrix 

(Mx). The Mx is the site of organelle deoxyribonucleic acid replication, transcription, 

protein biosynthesis and numerous enzymatic reactions such as beta-oxidation and the 

tricarboxylic cycle (Kuhlbrandt 2015).    
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 Lipid droplets and mitochondria have been studied individually, but these 

dynamic organelles have a unique locational relationship with each other. There is a very 

close association between lipid droplets and mitochondria in skeletal muscle (Pu et al, 

2011; Tarnopolsky et al, 2007), where fatty acids that are released from lipid droplets are 

directed either to oxidation in the mitochondria or to re-esterification. Endurance exercise 

training results in an increased number of skeletal muscle mitochondria associating or 

“touching” intramuscular lipid droplets (Tarnopolsky et al, 2007). It has been observed 

that there is a close association between mitochondria and lipid droplets in rat skeletal 

muscle tissue by transmission electron microscopy and that some lipid droplets and 

mitochondria appear to share portions of the membrane as a boundary (Pu et al, 2011). 

Statistical analysis of this association revealed that the contact rate was correlated with 

lipid droplet size which suggests that lipid droplet-mitochondrion interactions are 

dynamic (Pu et al, 2011).   

 This thesis will focus on skeletal muscle mitochondria and the localization of 

perilipin proteins 3 and 5 within this organelle. The perilipin (PLIN) family of proteins 

(PLINs 1-5) surround lipid droplets in both adipose tissue and skeletal muscle, which are 

thought to be involved in regulating the formation and breakdown of lipid droplets 

(Bickel et al, 2009; Brasaemle 2007). However, recent reports have found that PLIN3 and 

PLIN5 also associate with the mitochondria in addition to the lipid droplet, raising the 

question of their roles in this energy producing organelle. Therefore, focusing on PLIN3 

and PLIN5, this thesis will identify the intra-mitochondrial location of these proteins at 

rest and following acute 30min electrically stimulated in vivo contraction. The 

contraction perturbation will be completed in vivo by electrically stimulating the sciatic 
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nerve for 30min, causing the muscles of the lower limb to contract, inducing lipolysis 

(Ramos et al, 2014 and 2015; Stefanyk et al, 2012). Skeletal muscle mitochondria will be 

isolated, purified, and further sub-fractionated for specific PLIN protein analysis. This 

research will provide insight on where these mitochondrial PLIN proteins are located and 

if contraction induces a redistribution among the mitochondrial fractions. Further, this 

thesis explores the relationship between PLIN3 and PLIN5 and other mitochondrial 

proteins involved in the importation of free fatty acids for beta-oxidation, as well as 

mitochondrial fission and fusion proteins.  
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CHAPTER 2 

Literature Review 

 

Perilipin or PLIN Proteins 

 Perilipin proteins were first discovered as proteins embedded in the phospholipid 

monolayer surrounding lipid droplets. This family of proteins have gained increasingly 

more attention regarding a role, not only adipose tissue lipid droplets, but in other tissues 

involved in lipid metabolism. Previous research in cell culture and other tissues indicate 

that PLIN proteins are key regulators of lipid metabolism because they appear to be 

involved directly in how cells and tissues store, mobilize, and utilize fatty acids 

(Brasaemle 2007; Brown 2001; Ducharme and Bickel 2008; Granneman et al, 2008; Liu 

et al, 2004; Londos et al, 2005; MacPherson and Peters 2015; Tansey et al, 2004). Each 

PLIN protein has a unique tissue distribution as illustrated in Figure 1 and therefore likely 

plays a unique role and performs a unique function in regulating lipid droplet metabolism 

in different tissues (MacPherson and Peters 2015; Wolins et al, 2006b). In general, the 

PLIN proteins are thought to regulate lipid metabolism through protein-protein 

interactions on the lipid droplet surface.  
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Figure 1. Tissue distribution of the PLIN family of proteins in different organelles and 

tissues. Proteins were extracted from 3T3-L1 adipocytes and from C57BL/6 mouse tissue, immunoblotted 

(30μg protein per lane), and detected with specific antibodies (adapted from Wolins et al, 2006b).    

 

 The PLIN proteins include perilipin (PLIN1), perilipin2 (PLIN2, previously 

adipophilin or adipocyte differentiation-related protein, ADRP), perilipin3 (PLIN3, 

previously tail interacting protein 47, TIP47), perilipin4 (PLIN4, previously S3-12), and 

perilipin5 (PLIN5, previously lipid storage droplet protein 5, LSDP5, myocardial lipid 

droplet protein, MLDP, or OXPAT) (Kimmel et al, 2010). These proteins share a highly 

conserved primary sequence and affinity for the surfaces of intracellular, neutral lipid 

storage droplets (Kimmel et al, 2010). The PLIN family, with exclusion of PLIN4, all 

have a defining characteristic, which includes a conserved "PAT"-domain and an 11-mer 

repeating helical organization (Bussell and Eliezer 2003). The distal N-terminus of 

approximately 100 amino acids is highly conserved in PLIN1, 2, 3 and 5 proteins, but 

similarity extends throughout the approximate 250 amino acids. PLIN4 however, is 

somewhat distinct from the other PLIN proteins and has a highly expanded 11-mer repeat 
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region (Kimmel et al, 2010). Figure 15 in Appendix I illustrates the similarity between 

amino acid sequences of the PLIN family of proteins.  

 In general, the members of the PLIN family are characterized as being localized 

to lipid droplets, as well as having similarity in structure. Both PLIN1 and PLIN2 are 

thought to be found only in association with the lipid droplet and are believed to be 

rapidly degraded in the cytosol. The other PLIN proteins are considered "exchangeable" 

and are found in different cellular locations such as the cytosol, lipid droplet, and more 

recently associated with mitochondria during times of rest, fasting, or exercise 

(Covington et al, 2014; Louche et al, 2013; Shepherd et al, 2013). However, more 

research is required as the link between the specific functions and location of these PLIN 

proteins have yet to be determined. Perilipin distribution is not only tissue dependent, but 

also appears to depend on whether the tissue relies on fatty acid oxidation for energy 

production. PLIN1 and PLIN4 are the most abundant in adipose tissue, which is mainly a 

storage site for lipids. PLIN2 and PLIN3 are ubiquitous, although PLIN2 is highly 

abundant in the liver. PLIN5 is found almost exclusively in oxidative tissues, including 

brown adipose tissue, skeletal muscle, liver, and heart (Bosma et al, 2013; Mason and 

Watt 2015).  

Discovery of PLIN1 

 Perilipin (PLIN1) was the first member recognized of the perilipin protein family, 

and is the only family member that has a well-described function (Konige et al, 2014; 

Londos et al, 1995). PLIN1 has an important role in regulating the rate of adipose tissue 

triglyceride lipolysis. In mice and humans, the Plin1 gene can give rise to at least three 
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isoforms, PLIN1A, B, and C, that have a common N-terminal region but differing C-

terminal length (Brasaemle 2007; Greenberg et al, 1993; Konige et al, 2014; Londos et al, 

1995; Lu et al, 2001). PLIN1A and 1B are highly abundant in adipose tissue while 

PLIN1C is preferentially found in steroidogenic tissues (Hsieh et al, 2012; Konide et al, 

2014). Lipid droplet research has demonstrated that PLIN1 serves a critical role in 

regulating basal and stimulated lipolysis in adipocytes (Brasaemle 2007).    

PLIN1 and its role in adipose tissue lipolysis 

 A central role of adipocytes is the storage and mobilization of energy in the form 

of triglyceride. These triglycerides are stored in adipocytes as lipid droplets until they can 

be broken down into fatty acids and released into the blood stream to be used as energy 

by other tissues such as skeletal muscle. Activation of cAMP-dependent kinase (protein 

kinase A, PKA)
 
is the major signalling mechanism by which hormones and 

neurotransmitters stimulate lipolysis in adipocytes (Honnor et al, 1985). Hydrolysis of 

triglycerides stored in the lipid droplet compartment require a number of different 

enzyme reactions to break down triglycerides and produce fatty acids and glycerol. First, 

adipocyte triglyceride lipase (ATGL) hydrolyzes triglycerides to produce one fatty acid 

and diacylglycerol; second, hormone-sensitive lipase (HSL) then acts as a diacylglycerol 

lipase, and the final step is catalyzed by monoacylglycerol lipase (MGL). Research has 

shown that lipid droplets are being recognized as dynamic organelles that are regulated 

by evolutionarily conserved families of proteins, including the PLIN family. Specifically, 

PLIN1 is the major target for PKA-mediated phosphorylation in adipocytes (Brasaemle et 

al, 2000; Greenberg et al, 1991; Londos et al, 1999).    
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 PLIN1 serves as a scaffolding protein at the lipid droplet surface mediating 

protein-protein interactions with key players in triglyceride hydrolysis. The presently 

accepted role for PLIN1, is that when lipolysis is suppressed (i.e., the basal condition), 

comparative gene identification-58 (CGI-58), a protein co-activator of ATGL (Lass et al, 

2006), preferentially binds to un-phosphorylated PLIN1 at the surface of the lipid droplet, 

and is unavailable to bind and activate ATGL (Greenberg et al, 1991; Brasaemle 2007; 

Granneman and Moore 2008; Lass et al, 2011). Under these conditions, ATGL is located 

in both the cytosol and on the lipid droplets, whereas hormone sensitive lipase (HSL) is 

only cytosolic and not in contact with the substrates in the lipid droplet. With beta-

adrenergic stimulation, HSL and PLIN1 are both phosphorylated by PKA, resulting in re-

organization so that once HSL is phosphorylated, it translocates to the lipid droplet 

surface and binds to PLIN1 (Brasaemle et al, 2000; Brasmaele 2007; Sztalryd et al, 2003; 

Wang et al, 2009). Once phosphorylated, PLIN1 changes its conformation to provide a 

docking site for phosphorylated HSL on the lipid droplets allowing access to its substrate 

(Brasaemle 2007; Su et al, 2003). Furthermore, with phosphorylation PLIN1 releases 

CGI-58 allowing it to interact with and activate ATGL (Granneman et al, 2009a; 

Subramanian et al, 2004; Yamaguchi et al, 2004). Once ATGL and HSL are on the lipid 

droplet surface, triglycerides are hydrolyzed to monoacylglycerides (MAG) via CGI-58 

activated ATGL and HSL. The remaining MAG is cleaved by MGL to release the final 

free fatty acid and glycerol molecule. Overall, PLIN1 interacts with both the ATGL co-

activator CGI-58 and HSL, thus providing an essential role in regulating lipolysis in 

adipocytes under both basal and stimulated contraction (Londos et al, 2005). The current 

view of the lipolytic mechanism in adipocytes is depicted in Figure 2.  
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Figure 2. Current model of adipocyte lipolytic stimulation. Activated protein kinase A (PKA) 

polyphosphorylates PLIN1 and hormone sensitive lipase (HSL). HSL then migrates to the surface of the 

lipid droplet, which is coated with PLIN1. Upon phosphorylation, PLIN1 is modified that permits the lipase 

to bind and hydrolyze the core neutral lipids (triglyceride, TAG), and releases CGI-58 to bind to adipose 

triglyceride lipase (ATGL).  

 

Discovery of PLIN proteins in other tissues 

 PLIN1 is only expressed in adipose tissue and a similar role for the other PLIN 

proteins for regulation of lipolysis in other tissues has not yet been confirmed. The PLIN 

proteins have been identified in various tissues other than adipocytes, although their 

function and roles in these tissues is poorly understood and has been a topic of recent 

research. The PLIN proteins are very tissue specific in their distribution and therefore a 

review of their discovery and potential role is discussed below.  
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PLIN2 

The adipose differentiation-related protein, or PLIN2, was first characterized as a 

protein expressed during adipocyte differentiation (Jiang and Serrero 1992). PLIN2 is 

ubiquitously expressed and also reported to be involved in lipid droplet formation 

(Imamura et al, 2002; Takahashi et al, 2016). Although PLIN2 was initially identified as 

a highly expressed gene in adipocytes, its main role in these cells remains largely 

unknown with mixed hypotheses as to its function. 

PLIN2 in adipose tissue 

 One line of research has shown that PLIN2 has a position on the lipid droplet 

membrane and is easily degraded once off the membrane similar to PLIN1, and therefore 

it may possibly regulate lipolysis through interactions with lipolytic enzymes at the lipid 

droplet surfaces (Listenberger et al, 2007a; Prats et al, 2006). Other studies in cell culture 

have also illustrated that PLIN2 coats the lipid droplet membrane and is stable in the 

presence of neutral lipids but is otherwise targeted for degradation by proteasomes 

(Listenberger et al, 2007b; Xu et al, 2005; Xu et al, 2006). This idea leads to another 

potential role for PLIN2 in lipid packaging which, would be apparent during the storage 

of neutral lipids into droplet form and may include stabilization of lipid droplet structure 

(Brasaemle et al, 1997). 

 Research suggests that PLIN2 plays a role in both the development and the 

growth of lipid droplets. In most cell culture types and in animal models, PLIN2 protein 

expression is increased with treatments that induce lipid droplet formation (Masuda et al, 

2006; Xu et al, 2005). PLIN2 overexpression was shown to be associated with increased 
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fatty acid uptake and triglyceride content (Gao and Serrero, 1999). Overexpression of 

PLIN2 both in vitro and in vivo increased levels of neutral lipid droplets in adipocytes as 

well as elevated expression profiles of the genes involved in lipid synthesis (Bosma et al, 

2012b), which is supporting evidence that PLIN2 helps increase lipid storage. In 

conclusion, there have been many hypothesized roles for PLIN2 with regards to 

regulating lipolysis, lipid packaging, as well as stabilization of the lipid droplet. 

However, a definitive role has yet to be determined in adipose tissue.   

PLIN2 in skeletal muscle  

 PLIN2 is one of the most abundantly expressed lipid droplet proteins in skeletal 

muscle. A recent study illustrated that PLIN2 may play an important role in intramuscular 

triglyceride (IMTG) storage (Bosma et al, 2012b). PLIN2 protein content increased when 

myotubes were loaded with long-chain fatty acids and after prolonged consumption of a 

high-fat diet or fasting skeletal muscle of mice, which increases fatty acid delivery to 

muscle (Bosma et al, 2012b). PLIN2 has a high correlation between relative protein 

content and the neutral lipid content of a muscle cell, indicating that the relative 

expression of PLIN2 may determine the capacity for IMTG storage (Brasaemle et al, 

1997; Listenberger et al, 2007a). These findings served as first indication for a role for 

PLIN2 in skeletal muscle lipid metabolism. Studies have also examined the effect of 

PLIN2 overexpression and how this would influence lipid synthesis and lipid-induced 

insulin resistance (Bosma et al, 2012b). PLIN2 overexpression markedly increased the 

accumulation of triglyceride in lipid droplets, which were both larger in size and greater 

in number indicating increased channelling of fatty acids toward storage.  
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Studies looking at obese and diabetic subjects have also demonstrated that PLIN2 

is essential for IMTG storage, making it a potential target for therapies directed against 

insulin resistance (Phillips et al, 2005). In human skeletal muscle, higher PLIN2 content 

has been found in muscle from insulin-resistant subjects that have gone through 

therapeutic weight loss or metformin treatment to increase muscle insulin sensitivity, 

suggesting that PLIN2 might play a role in decreasing intramuscular lipid toxicity by 

either promoting lipid synthesis or oxidation (Phillips et al, 2005).  

However, contrary to this evidence, it has also been suggested that PLIN2 acts in 

a similar fashion to PLIN1 in adipose tissue as a protein regulating stimulated muscle 

lipolysis through interactions with lipolytic enzymes (Bell et al, 2008; Listenberger and 

Brown 2007a; Listenberger et al, 2007b; Prats et al, 2006; Shaw et al, 2009; Varela et al, 

2008). CGI-58 has been shown to interact with PLIN2, suggesting that it could play a 

role similar to that of PLIN1 in skeletal muscle, and that overexpression of PLIN2 leads 

to a reduced association of ATGL at the lipid droplet and therefore reduced lipolysis 

(Listenberger et al, 2007a). Similar to adipose tissue, PLIN2's potential role in skeletal 

muscle has yet to be fully understood, although research points towards both IMTG 

storage and regulation of lipolysis to be potential roles for this protein. Unlike the other 

PLIN proteins, there has been no evidence that PLIN2 interacts or localizes to the muscle 

mitochondria with acute muscle contraction or endurance training (Ramos et al, 2014 and 

2015). Therefore, it is likely that PLIN2’s main role during lipolysis occurs at the lipid 

droplet. 
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PLIN3 

 PLIN3 (tail interacting protein of 47kDa, TIP47) was the third PLIN protein to be 

discovered due to its highly similar (43%) amino acid sequence homology with PLIN1 

and PLIN2. PLIN3 was initially identified to be involved in intracellular trafficking as 

well as interacting with the cytoplasmic tail of the mannose 6-phosphate receptor (Wolins 

et al, 2001). PLIN3 was initially described as a ubiquitously expressed cytosolic and 

endosomal protein involved in the intracellular trafficking of the mannose 6-phosphate 

receptor between the trans-Golgi apparatus and endosomes.    

PLIN3 in adipose tissue and cell culture 

 A definitive role for PLIN3 has yet to be determined in adipose tissue or in 

skeletal muscle. PLIN3 is thought to have a variety of functions within many different 

cell types including: lipogenesis, lipolysis, and intracellular trafficking (Aivazian et al, 

2006; Buers et al, 2009; Hocsak et al, 2010; Skinner et al, 2009; Wolins et al, 2001). 

Being an exchangeable lipid droplet protein PLIN3 it is able to exist on the lipid droplet 

and in the cytosolic environment with the ability to move to different intracellular 

structures depending on the stress presented to the cell (Wolins et al, 2001). Previous 

research demonstrating PLIN3 association with lipid droplets and with the endosomal 

trafficking system has led to speculations about a similar role for this protein with lipid 

droplets (Diaz and Pfeffer 1998; Wolins et al, 2001). PLIN3 may act as a type of 

trafficking protein similar to its role as the mannose-6-phosphate receptor binding 

protein. For example, in low-lipid-containing HeLa cells, a significant portion of PLIN3 

has been shown to move from the cytosolic fraction to the lipid droplet fraction in 

response to lipid loading of the medium, suggesting that PLIN3 may be involved in 
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neutral lipid intracellular trafficking (Wolins et al, 2001). This marked the first PLIN 

family protein to be discovered and have the ability to translocate between the cytosol 

and lipid droplet surface (Wolins et al, 2001, Wolins et al, 2005). 

In comparison to PLIN1 and PLIN2, PLIN3 is unique in that upon various cell 

treatment with fatty acids, PLIN3 is recruited to lipid droplets with a specific mechanism 

unlike PLIN2 which is already found on the lipid droplet. Another potential role for 

PLIN3 has been investigated through the movement of PLIN3 from the cytosol to both 

endoplasmic reticulum and lipid droplet membranes during conditions that promoted the 

rapid synthesis of neutral lipids and the formation of lipid droplets themselves (Wolins et 

al, 2001). This observation has led to the potential role of PLIN3 in the packaging of 

neutral lipids into droplets.   

 Further evidence that PLIN3 may be involved in an initial stage of lipid droplet 

formation was found in time course studies using adipocyte cultures. With the addition of 

oleate, glucose, and insulin to 3T3L1 adipocytes PLIN3 immediately coated the newly 

formed lipid droplets (Wolins et al, 2001). Interestingly, as the lipid droplet matured, 

PLIN3 content decreased and was replaced with PLIN1 and PLIN2 (Wolins et al, 2001). 

This, combined with the initial role of PLIN3 being involved in vesicular trafficking (i.e., 

as the mannose-6-phosphate receptor binding protein), has led to speculation that PLIN3 

may facilitate the movement of maturing smaller lipid droplets to the large lipid droplet 

pool (Wolins et al, 2001).   
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PLIN3 in skeletal muscle 

 A distinct function for PLIN3 in skeletal muscle has yet to be determined. It is 

possible that PLIN3 is involved in skeletal muscle lipolysis, as it interacts with the main 

lipase ATGL and its co-activator, CGI-58, at rest and following stimulated contraction 

(MacPherson et al, 2013a). PLIN3 co-localizes to lipid droplets with both epinephrine 

stimulation and muscle contraction in rat soleus along with ATGL co-localizing to PLIN3 

coated lipid droplets (MacPherson et al 2013b; Smirnova et al, 2006). PLIN3 is a highly 

expressed lipid droplet-associated protein in skeletal muscle, but its impact on lipid 

lipolysis and oxidation is yet to be explored (MacPherson et al, 2012; MacPherson et al, 

2013b Peters et al, 2012). Covington et al, (2014), demonstrated that PLIN3 expression 

increased in response to both epinephrine stimulation and to a pharmacological cocktail 

known to induce lipolysis in primary cultured human muscle cells. This increase in 

PLIN3 protein content positively correlates with ex vivo skeletal muscle homogenate 

palmitate oxidation as well as whole-body cumulative fat oxidation with exercise and 

with changes in glycogen content in the muscle (Covington et al, 2014). Together, this 

data supports the hypothesis that PLIN3 is involved in muscle lipolysis induced by either 

in vivo pharmacological stimuli or increased energy demand and fat oxidation in active 

skeletal muscle.  

 Further evidence that PLIN3 associates with lipid droplets in skeletal muscle has 

been shown in specific individual rat muscle fibres, illustrating that PLIN3 co-localizes to 

lipid droplets after epinephrine administration (Prats et al, 2006). Additionally, endurance 

training up-regulated skeletal muscle PLIN3 protein expression 2.4-fold which aids in the 

reduction of resting IMTG content in obese subjects (Louche et al, 2013). This up-
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regulation of PLIN3, and other lipolytic proteins (ATGL, HSL Ser660, and PLIN5), may 

be favourable to alleviate the lipotoxic intermediate accumulation in skeletal muscle 

during obesity, and enhancing IMTG breakdown during exercise. PLIN3 protein content 

increased following endurance or sprint interval training in human vastus lateralis 

(Bosma et al, 2013; Fredrikson et al, 1981; Louche et al, 2013). These changes in PLIN3 

protein content with exercise were positively associated with both the change in ex vivo 

muscle palmitate oxidation and with cumulative whole-body fat oxidation after adjusting 

for fat-free mass (Covington et al, 2014). Changes in PLIN3 protein content were also 

positively associated with changes in glycogen, suggesting that those endurance trained 

individuals who increased their PLIN3 content favoured lipid oxidation over 

carbohydrate oxidation during exercise (Covington et al, 2014). These data support the 

hypothesis that PLIN3 is involved in lipid oxidation in skeletal muscle during muscle 

contraction.    

PLIN4  

 PLIN4 (S3-12) was identified in a screen for adipocyte-specific secretory or 

plasma membrane proteins (Scherer et al, 1998). PLIN4 is distinct from the other PLIN 

family proteins in that it is the least structurally similar to the group and does not contain 

the PAT domain. PLIN4 however has structurally similar 11-mer motifs (Bussell and 

Eliezer 2003) that are found in other lipid-associated proteins, in which their sequences 

are unrelated to the PLIN family and are not classified as PAT domains. Because of this, 

there has been speculation that PLIN4 may not truly belong to the perilipin family.  
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PLIN4 expression is highest in white adipocytes, with very low expression in 

heart and skeletal muscle and little or no expression in brown adipocytes (Scherer et al, 

1998; Wolins et al, 2003). Little is known about the function of PLIN4, but similar to 

PLIN3, it translocates to newly formed lipid droplets in cultured adipocytes in response 

to fatty acid stimulation (Wolins et al, 2003). For the purpose of this thesis, we will not 

discuss PLIN4, due to its low abundance in skeletal muscle.   

PLIN5 

 PLIN5 protein content is correlated with oxidative capacity and is mainly 

expressed in tissues with high rates of lipolysis and beta-oxidation such as skeletal 

muscle, heart, brown adipose tissue and liver (Arimura et al, 2004; Kimmel and Sztalryd 

2014; Minnaard et al, 2009; Peters et al, 2012; Shaw et al, 2009; Sheperd et al, 2013; 

Wolins et al, 2006a; Wang and Sztalryd 2011b). Due to the unique tissue distribution of 

PLIN5 in oxidative tissues, it has been hypothesized that PLIN5 may be a key player in 

regulating lipolysis for the purpose of oxidation in skeletal muscle (and possibly other 

oxidative tissues). Like all PLIN family proteins, PLIN5 associates with lipid droplets 

where it is partially thought to promote fatty acid synthesis and act as an important role 

for the accumulation of fat molecules. PLIN5 is also a lipid droplet targeting protein that 

promotes association of lipid droplets with mitochondria (Bosma et al, 2013, Dalen et al, 

2007, Wang and Sztalryd 2011b). In contrast, there are several lines of evidence that 

would suggest PLIN5 has a role in lipid droplet synthesis, lipolysis, and fat oxidation 

(Amati et al, 2011;  Dalen et al, 2007; Granneman et al, 2011; Kimmel and Sztalryd 

2016; Koves et al, 2013; Wolins et al, 2006a; Yamaguchi et al, 2006). These two 

potential roles for PLIN5 are discussed below. 
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Potential role for PLIN5 in lipid droplet synthesis 

 As a lipid droplet target protein, PLIN5 expression is enhanced under 

physiological conditions that promote systemic fatty acid elevation, e.g. fasting (liver and 

heart), endurance exercise (skeletal muscle), and chronic β3-adrenergic stimulation (liver) 

(Amati et al, 2011; Dalen et al, 2007; Granneman et al, 2011; Kimmel and Sztalryd 2016; 

Koves et al, 2013; Wolins et al, 2006a; Yamaguchi et al, 2006). Recent research both in 

vivo and in vitro has demonstrated an important role for PLIN5 in the regulation of 

cardiac lipid storage and function. Using overexpression of PLIN5 in cardiac myocytes it 

has been suggested that PLIN5 plays an important role in lipid droplet accumulation 

(Wang et al, 2011a). Upon initiation of lipid droplet biogenesis by fatty acid uptake, 

PLIN5 is found bound to the lipid droplet surface (Wang and Sztalryd 2011b; Wolins et 

al, 2006a). Most importantly, PLIN5 has been shown to increase fatty acid-mediated 

triglyceride accumulation in several cell culture models, and it is hypothesized that 

PLIN5, like adipocyte-specific PLIN1, inhibits lipid droplet hydrolysis in cultured cells 

and therefore promotes synthesis (Wang et al, 2013). Various underlying mechanisms 

have been proposed for this role for PLIN5, either via increased cellular fatty acid uptake 

(Wolins et al, 2006a) or decreased lipolysis (Dalen et al, 2007). Interestingly, despite its 

role in increasing triglyceride accumulation, PLIN5 overexpression paradoxically also 

increases fatty acid oxidation (Wolins et al, 2006a). A study that targeted overexpression 

of PLIN5 in cardiomyocytes caused mild mitochondria dysfunction and cardiac muscle 

hypertrophy, but without alterations in total heart triglyceride hydrolase activity or in 

ATGL gene and total protein expression (Wang et al, 2013). 
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 Using a loss of function approach, there is further evidence that PLIN5 is 

involved in lipid droplet accumulation. Whole body ablation of PLIN5 reduces cardiac 

lipid droplet formation, increases cardiac fatty acid oxidation, and promotes cardiac 

dysfunction (Kimmel and Sztalryd, 2014). Given these findings, it is clear that further 

research in a potential role for PLIN5 in lipid accumulation is required.  

Potential role of PLIN5 in lipolysis  

 It has been suggested that PLIN5 is involved with lipolysis through the interaction 

of various enzymes on the lipid droplet. ATGL, HSL, and CGI-58 are all essential 

regulators of lipid hydrolysis in non-adipose tissue and PLIN5 can interact with all three 

enzymes (Granneman et al 2009b; Granneman et al, 2011; Wang et al, 2009; Wang et al, 

2011a). Fluorescence resonance energy transfer experiments were conducted in situ in 

cultured Chinese hamster ovary cells and indicated that ATGL and CGI-58 bind toward 

the C-terminal half of PLIN5, whereas the HSL binding sites are thought to reside on the 

N-terminal PAT-1 domain (Wang et al, 2009). PLIN5 is believed to act to protect lipid 

droplet stores, likely by suppressing lipolysis (Wang et al, 2009). ATGL-mediated 

lipolysis is significantly inhibited by PLIN5-coated lipid droplet substrates in contrast to 

lipid droplet controls, isolated from COS-7 cells that do not express PLIN5 (Pollak et al, 

2013). Thus, PLIN5 is modeled as a regulated lipolytic barrier that sequesters lipid 

droplet substrates from ATGL (Pollak et al, 2013). However, unlike PLIN1, which does 

not interact with ATGL regardless of phosphorylation, PLIN5 readily binds to ATGL 

(MacPherson et al, 2013a).  
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PLIN5 in brown and white adipose tissue  

 The expression pattern of PLIN5 is higher in brown adipose tissue, and is not 

abundant in white adipose tissue which is coordinate with the level of the tissue’s 

oxidative capacity. As PLIN5 in adipose tissue is largely confined to brown adipocytes, 

its increased expression in brown adipose tissue is another indicator of the acquisition of 

"brown" features. In this situation, with enhanced lipolysis and a greater oxidative 

capacity in brown adipose tissue, PLIN5 could be involved in lipolysis regulation or in 

protecting the cell against excessive reactive oxygen species produced by FA oxidation 

(Barneda et al, 2013; Kuramoto et al, 2012; Wang et al, 2011c).  PLIN5 is expressed at 

moderate levels in subcutaneous inguinal white adipose tissue but not visceral epididymal 

white adipose tissue. However, its expression in subcutaneous white adipose tissue is to a 

much lesser degree when compared to brown adipose tissue (Wolins et al, 2006a).  

PLIN5 in liver 

 In addition to the protein-protein interactions between PLIN5 and lipases/co-

lipases as discussed earlier, under fasted conditions in livers of C57BL/6 mice, PLIN5 

protein content significantly increased when compared to fed mice (Kuramoto et al, 

2012). This would indicate that under situations such as fasting where the body is more 

reliant on fat as a fuel, PLIN5 protein content is increased, potentially aiding in regulation 

of lipid droplet breakdown and subsequent oxidation.  

 In order to evaluate the role of PLIN5 in lipid metabolism in the liver, Wang et al, 

2015 used AML12 mouse liver cells and demonstrated that cells expressing PLIN5 

released lower amounts of fatty acids in basal conditions compared to those that do not 
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express PLIN5. Plin5 null mice confirmed that PLIN5 functioned as a negative regulator 

of lipolysis and fatty acid oxidation and was required for hepatic triglyceride 

accumulation by reducing lipolysis (Wang et al, 2015). Finally, they reported that PLIN5 

interacts with CGI-58, which disrupts the interaction between CGI-58 and ATGL and 

inhibits ATGL lipase activity therefore proposing a possible function of PLIN5 to 

protecting the liver from lipotoxicity by inhibiting lipolysis (Wang et al, 2015). Taken 

together, all evidence points towards a role for PLIN5 within the liver and other highly 

oxidative tissues with respect to regulating lipolysis, to effectively match the rate of 

oxidation.  

 Plin5-deficient hepatocytes from knockout mice have been shown to decrease 

levels of lipid content but could be rescued by overexpression of PLIN5 suggesting that 

PLIN5 could play a role in facilitating lipid accumulation in liver, although this may be 

through its role in decreasing lipolysis (Wang et al, 2015). This lab group also observed 

that PLIN5 null mice developed lipotoxic liver injury, which is likely due to the increased 

non-esterified fatty acids that were released in excess of oxidation, in the absence of 

PLIN5 regulation (Wang et al, 2015). In non-adipose tissues, such as hepatocytes or 

myocytes, excess cystolic non-esterified fatty acids leads to cell dysfunction and death by 

promoting endoplasmic reticulum (ER) stress and excess production of reactive oxygen 

species. In Plin5-null mice, intracellular non-esterified fatty acids were elevated likely 

due to the enhanced lipolysis in excess of rates of oxidation, which could ultimately lead 

to increased lipotoxicity and liver injury (Wang et al, 2015). Similar changes were found 

in mice fed a high fat diet, leading to the assumption that PLIN5 has an important 
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regulating role in hepatic lipid storage and has an anti-lipotoxic function by ensuring the 

lipolytic rate matches the rate of lipid oxidation.       

PLIN5 in heart and skeletal muscle 

 In our laboratory, we studied skeletal muscle PLIN5 in response to acute 

electrically stimulated contraction ex vivo, and illustrated the involvement of PLIN5 in 

lipase activity and regulation (MacPherson et al, 2013a; MacPherson et al, 2013b). 

Results from these studies identified PLIN5 protein-protein interaction with ATGL, HSL, 

and CGI-58 in resting, and contracted muscle, with epinephrine stimulation, and with the 

combination of epinephrine stimulation and muscle contraction (MacPherson et al, 

2013a; MacPherson eat al, 2013b). However, the degree of association between the 

lipolytic proteins and PLIN5 did not alter between resting/basal conditions and any of the 

lipolytic perturbations, making it hard to define a role for PLIN5 in lipolysis. However, 

PLIN5 protein expression has been found to increase under conditions that up-regulate 

fatty acid oxidation such as fasting and insulin deficiency (Dalen et al, 2007; Wolins et al, 

2006a). Endurance-trained athletes have increased muscle PLIN5 expression compared to 

sedentary controls, and PLIN5 expression increases in response to endurance and interval 

training (Peters et al, 2012; Shepherd et al, 2013). Taken together, these data suggest that 

not only is PLIN5 found in highly oxidative tissues, but also as the oxidative state of the 

muscle changes, PLIN5 expression changes in a coordinate manner. Therefore, PLIN5 

expression appears to be linked to the oxidative capacity of a given tissue (Peters et al, 

2012; Shepherd et al, 2013). However, acute in vivo electrically stimulated contraction 

(30min) in rat skeletal muscle does not change total PLIN5 protein content (Ramos et al, 

2014; Ramos et al, 2015).  
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 Consistent with hepatocytes, PLIN5 also appears to balance fatty acid availability 

for mitochondrial oxidation with storing fatty acids in order to protect against lipotoxicity 

in cultured cardiac myocytes (and other oxidative cells). Studies have suggested that with 

a loss of function for PLIN1, 2 and 5 there has been a connection to decreased lipid 

droplet stores and increased β-oxidation in their respective tissues, compared to wild type 

groups (Wang and Sztalryd 2011b). These results suggest that PLIN5 may act by keeping 

the intracellular levels of fatty acid metabolites below their lipotoxic level by channelling 

lipid intermediates efficiently either into storage (lipid droplet) and utilization 

(mitochondria) (Wang and Sztalryd 2011b). Details of these types of experiments are 

outlined below.    

 With increased PLIN5 expression in C57B16/JxCBA mouse cell line, skeletal 

muscle containing mostly fast-twitch fibers (gastrocnemius and extensor digitorum 

longus) accumulated more IMTG but had normal glucose and insulin tolerance (Harris et 

al, 2015). PLIN5 overexpression occurred primarily in fast-twitch muscle and resulted in 

an increase in the normally low triglyceride content of this muscle type. Additional 

observations of PLIN5 overexpression resulted in a profound increase in lipid droplet size 

and triglyceride content which could reflect a state of decreased ATGL-mediated 

lipolysis and hence blunted availability of fatty acids for oxidation and promoting IMTG 

storage (Bosma et al, 2013). However, PLIN5 overexpression also resulted in increased 

ATGL content. This paradoxically suggests that lipolytic capacity is increased, even 

though there is triglyceride accumulation or less triglyceride breakdown (Bosma et al, 

2013). 
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 In loss of function studies, Plin5-null
 
mice lacked detectable cardiac muscle lipid 

droplets and significantly less intra-cardiac muscle triglycerides and fatty acids compared 

to wild-type mice (Mason et al, 2014). Lipid droplets were recovered after a brief 

perfusion of the heart with an inhibitor of ATGL, indicating that loss of PLIN5 provoked 

lipase activity, consistent with observations that other perilipin proteins, including 

PLIN5, protect against triglycerides from being attacked by lipases (Bosma et al, 2013; 

Dalen et al, 2007; Mason et al, 2014). The physiological significance of reduced lipid 

droplets in the heart of the Plin5-null
 
mice was evaluated based on levels of reactive 

oxygen species. The generation of reactive oxygen species was significantly higher in the 

hearts of the Plin5-null
 
mice, as assessed by the elevated level of lipid peroxide formation 

(Mason et al, 2014). It is widely recognized that reactive oxygen species production 

induces cardiac hypertrophy and cardiomyocyte dysfunction through oxidative damage 

(Xu et al, 2006). With a greater rate of muscle lipolysis, more free fatty acids would then 

become available to use for beta-oxidation and this would increase reactive oxygen 

species production in the mitochondria. Therefore, it has been proposed that an important 

function for PLIN5 in the heart is to supress excess reactive oxygen species production 

via sequestering fatty acids in triglycerides within the lipid droplet (Kuramoto et al, 

2012).  

As observed in heart muscle, PLIN5 ablation increases IMTG lipolysis and 

invokes a remarkable decrease in muscle lipid droplet content in fasted animals. This 

suggests that PLIN5 provides a 'barrier' function on lipid droplets to prevent excessive 

and uncontrollable lipolysis and is consistent with the energy demands of the 

mitochondria. Whole body PLIN5 knockout mice have also shown reduced muscle lipid 
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droplet size, which was due to increased ATGL-mediated triglyceride lipolysis and 

independently an increased capacity for fatty acid oxidation (Mason et al, 2014). 

Furthermore, following increases in muscle lipolysis, lipidomic analysis of cultured 

PLIN5
-/-

 myotubes saw increases in ceramide and sphingomyelin, which are negative 

regulators for insulin signal transduction (Mason et al, 2014). This suggests that as 

triglycerides are broken down and free fatty acids are built up during lipolysis, instead of 

being used for oxidation, these fatty acid by products are contributing to insulin 

resistance. PLIN5 can therefore be a candidate to match oxidative rates with the 

production of fatty acids and possibly help transport or shuttle these substrates to the 

mitochondria for energy production.   

Based on current knowledge of the role of PLIN1 in adipocyte lipid droplets 

triglyceride hydrolysis, it has been hypothesized that PLIN5 provides a similar crucial 

function in oxidative tissues (Kimmel and Sztalryd 2016; Shaw et al, 2009; Shepherd et 

al, 2012; Shepherd et al, 2013; Wang and Sztalryd 2011b; Wolins et al, 2006a). PLIN5 

could play a part in protection against cellular lipotoxicity by storing lipids in lipid 

droplets that are in close proximity of mitochondria. During times of increased 

triglyceride breakdown such as muscle lipolysis, PLIN5 could be regulating the rate of 

fatty acid flux from the lipid droplets to the mitochondrial matrix for substrate supply in 

β-oxidation (Wang and Sztalryd 2011b). 

PLIN5 has recently been shown to localize to mitochondria in smooth and skeletal 

muscle cells suggesting that PLIN5 induces physical contact between lipid droplets and 

mitochondria potentially to facilitate the functional connection of the two organelles 

(Bosma et al, 2012a). Overexpression of PLIN5 in HEK293 and C2C12 muscle cells 
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resulted in a closer interaction between lipid droplets and mitochondria, where almost all 

lipid droplets in PLIN5-overexpressing muscle were in contact with the mitochondria 

(Bosma et al, 2012a). This suggests that PLIN5 plays an important role in the functional 

connection between lipid droplet IMTG storage and fat oxidation in the mitochondria. 

However, a clear function or role for PLIN5 is not fully understood, especially in the 

mitochondria where β-oxidation takes place.  

Mitochondria and PLIN Proteins  

PLIN5 and its connection with muscle oxidative capacity  

 PLIN5 is localized at the surface of lipid droplets in oxidative cells, but it is also 

connected with the mitochondria. Overexpression of PLIN5 in fibroblasts directs a close 

association of lipid droplets and mitochondria (i.e., more 'touching' or apposition of these 

two organelles). Due to the high expression of PLIN5 in highly oxidative tissues (e.g., 

heart, liver, skeletal muscle), it has been hypothesized that this protein may play a role in 

channelling fatty acids towards the mitochondria for β-oxidation or enhancing the 

functional connection of these two organelles (Bosma et al, 2012a; Bosma et al, 2013; 

Wang et al, 2011c; Wolins et al, 2006a). While the in vitro data supports a role for PLIN5 

in promoting lipid droplet-mitochondrial interactions, the evidence that PLIN5 is required 

to modulate lipid droplet-mitochondrial fatty acid transport is inconclusive (Bosma et al, 

2012a; Wang et al, 2011c).     

PLIN5 and the mitochondria  

 Detailed information of the mitochondrial location of PLIN5 was obtained via 

immunogold-labelling electron microscopy in rat soleus muscle as seen in Figure 3. 
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(Bosma et al, 2012a). PLIN5 was not only localized on the surface of the lipid droplet but 

also clearly in the mitochondria in sections from rat oxidative soleus muscle. The 

possible localization of PLIN5 on the lipid droplets and the mitochondria may suggest a 

role for PLIN5 in directing or binding fatty acids, or fatty acid derivatives for 

mitochondrial fat oxidation. However, it is possible that the localization of PLIN5 in the 

matrix could be an artifact of the imaging technique. Regardless, it has been tempting to 

hypothesize that given the localization of PLIN5 to both lipid droplets and mitochondria, 

PLIN5 may have a putative role in regulating the release of fatty acids from lipid droplets 

through lipolytic regulation. PLIN5 could also very well by involved in shuttling 

/chaperoning/binding fatty acid derivatives from lipid droplet storage to the mitochondria 

for oxidation (Bosma et al, 2012a). 

 

Figure 3. PLIN5 protein expression in skeletal muscle section. Lipid Droplet (LD), 

intermyofibrillar mitochondria (M). Black artifacts represent PLIN5 protein. PLIN5 immungold labelling in 

rat soleus muscle. PLIN5 coats the lipid droplets and is present at the mitochondria but not at myofibrils. 

(Bosma et al, 2012a). 
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 Further research using neonatal cardiomyocytes, reconstituted cell culture models, 

and rodent heart tissue, found that PLIN5 is uniquely associated with mitochondria and 

has the distinctive property of recruiting mitochondria at the lipid droplet surface (Wang 

et al, 2011). PLIN5 was identified to have a protein domain positioned in the C terminal 

between amino acids 343 and 463 that supported this targeting and recruitment (Wang et 

al, 2011). This evidence supports the connection and localization between PLIN5 and the 

mitochondria. However, structure/function analysis (Appendix I) of the PLIN proteins 

did not reveal any mitochondrial signal sequence which would allow these proteins to 

travel into the mitochondrial matrix. Further target sequences are highlighted in 

Appendix I (figures 17 and 19).    

Additional evidence that PLIN5 is also localized to the mitochondrial fraction was 

found in our laboratory (Ramos et al, 2014 and 2015). PLIN5 content of isolated and 

purified mitochondria from red gastrocnemius and plantaris was examined under both 

resting conditions and following a 30min in vivo electrically stimulated muscle 

contraction. In this model, there was no adrenergic stimulation, lipolysis was induced by 

contraction alone, and this was accompanied by robust lipolysis and a decrease in IMTG. 

Mitochondrial PLIN5 content was 1.6-fold higher following the acute contraction (Ramos 

et al, 2014 and 2015). This raises the question as to what role PLIN5 is playing in the 

mitochondrial fraction and why the mitochondrial content of PLIN5 is increased under 

conditions that increased triglyceride lipolysis and oxidation during muscle contraction.  

 Taken together, this evidence suggests an important role for PLIN5 in fatty acid 

oxidation and perhaps the delivery of fatty acids from the lipid droplet to the 

mitochondria. PLIN5 may also be a key player in regulating lipolysis in order to match 
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the energy demand and the rate of oxidation. However, it is not fully known within the 

mitochondria where PLIN5 might be found, which may yield clues to its role in this 

organelle.  

PLIN3 and its connection to mitochondria  

 There has been limited research examining the role that PLIN3 plays in 

connection to the mitochondria utilizing both cell culture and skeletal muscle tissue. In 

human cervical cancer HeLa cells exposed to oxidative stress, PLIN3 localized to the 

mitochondria (a major target of oxidative stress) to prevent cell death, although the 

reason(s) for this are unclear (Hocsak et al, 2010). The mitochondrial-PLIN3 interaction 

was also identified in isolated rat hepatic tissue proposing a similar mechanism 

responsible for preventing cell death (Hocsak et al, 2010). PLIN3 was also shown to 

associate with mitochondria in NIH3T3 fibroblasts under conditions that induce oxidative 

stress and it is speculated that PLIN3 prevents cell death by maintaining mitochondrial 

membrane potential, although the mechanisms are not fully understood (Hocsak et al, 

2010). It is possible that through interactions with skeletal muscle lipases, PLIN3 could 

have a role to help regulate lipolysis and the delivery of fatty acids to the mitochondria, 

thus preventing a lipid overload. It has been shown that PLIN3 interacts with both HSL 

and ATGL, which regulate lipolysis (MacPherson et al, 2013b); however, a mechanistic 

role for PLIN3 and these interactions remains unclear.  

 Two studies conducted from our lab looked at skeletal muscle mitochondrial 

PLIN3 following acute in vivo electrically stimulated muscle contraction in both 

sedentary and endurance trained rats. There was no net change found in the mitochondrial 
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PLIN3 protein content after a 30min acute electrical stimulation (Ramos et al, 2014). This 

might mean that there is sufficient PLIN3 in the mitochondrial fraction for any putative 

function, but does not preclude the fact that there may be changes in mitochondrial 

PLIN3 content through the stimulation, with no net change observed. However, following 

11 weeks of endurance training, mitochondrial PLIN3 protein in resting muscle was 

approximately 1.3 fold higher in red gastrocnemius of endurance-trained rats compared to 

sedentary animals (Ramos et al, 2015). Still confirming previous results, there was no net 

change in mitochondrial PLIN3 following acute contraction, in either sedentary or 

endurance training animals. This suggests a training-specific role for PLIN3 within 

skeletal muscle mitochondria, and indicates that whatever mitochondrial function it may 

have is distinct from that of PLIN5. Finally, there is no information on where PLIN3 

might be found within the mitochondria, and structure/function analysis (Appendix I) of 

PLIN3 did not reveal any mitochondrial signal sequence, which would allow this protein 

to travel into the mitochondrial matrix. Further target sequences are highlighted in 

Appendix I (figures 17 and 19) which could yield clues to any potential function PLIN3 

might play.  

Mitochondria and the lipid droplet  

 It has been shown that endurance exercise training results in an increased number 

of skeletal muscle mitochondria associating or "touching" intramuscular lipid droplets as 

visualized by transmission electron micrographs (Tarnopolsky et al, 2007). Further 

studies have shown that women, but not men, had a higher percentage of intramyocellular 

lipids touching mitochondria following a moderate-intensity endurance exercise (Devries 

et al, 2007). In addition, both lean and obese women illustrated that the percentage of 
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intramyocellular lipids touching mitochondria increased in both subsarcolemmal and 

intermyofibrillar mitochondria following 12 weeks of endurance training (Devries et al, 

2013). One final study looked at this apposition between lipid droplets and mitochondria 

in a young versus old population and found that the percent of intramyocellular lipids 

touching mitochondria within the subsarcolemmal area of skeletal muscle was 

significantly decreased in older participants compared to young (Crane et al, 2010). 

Together, these findings support the idea that these two dynamic organelles, 

intramyocellular lipid droplets and mitochondria, have a unique locational and possibly 

functional relationship with each other, which can be influenced not only by exercise 

intensity or workload, but also by specific protein expression.  

 Mitochondrial dynamics have been proposed to allow mitochondrial motility to 

interact with other cellular organelles. Furthermore, lipid droplets have specialized 

trafficking proteins to facilitate interactions with cellular environment and other 

organelles, which include mitochondria. In brown adipose tissue, mitochondria and lipid 

droplet coupling has been shown to increase with mitofusin 2 expression (Mfn2), 

allowing for the maintenance of mitochondrial oxidative capacity (Boutant et al, 2017). 

This suggests that Mfn2 may be a key player in the interaction of mitochondria and lipid 

droplets.  

Numerous studies have also shown that perilipins could act as modulators of lipid 

droplet-mitochondria interactions. PLIN1 is a predominant perilipin expressed in adipose 

tissue and has been shown to interact with Mfn2 (Boutant et al, 2017). In brown adipose 

tissue, the effectiveness of lipolytic stimuli requires the combined expression of PLIN1 

and Mfn2 (Boutant et al, 2017). This has led to the speculation of whether or not skeletal 
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muscle PLIN proteins could also play a role in the lipid droplet-mitochondrial interaction 

or if they to, similar to PLIN1, interact with either Mfn2 or even Mfn1. This may help to 

explain a role for PLIN3 and/or PLIN5 in the mitochondrial fraction.    

Mitochondrial proteins involved in fatty acid transport and beta-oxidation 

 Studies have examined the roles of both PLIN3 and PLIN5 dealing with lipolysis 

at the lipid droplet. However, their mechanistic roles with association to the mitochondria 

have yet to be elucidated. Since it has been hypothesized that PLIN5 may serve to 

regulate lipolysis to meet (and not exceed) the rate of oxidation, it is tempting to 

speculate that PLIN5 (and/or PLIN3) could associate with mitochondrial proteins that 

regulate fatty acid entry into the mitochondrial matrix for oxidation. More specifically, 

this would be the Carnitine Palmitoyltransferase System comprising of Acyl-CoA 

Synthetase Long-Chain (ACSL1), Carnitine Palmitoyltransferase I (CPT I), and Carnitine 

Palmitoyltransferase II  (CPT II). This protein complex plays an integral part in activating 

and transporting long-chain fatty acids through the mitochondrial membranes and into the 

mitochondrial matrix in order to be utilized for beta-oxidation. ACSL1 is found on the 

outer leaflet of the outer mitochondrial membrane is the first player in this process where 

it activates fatty acids by converting long-chain fatty acids into fatty acyl-CoA esters. 

ACSL1 is the only isoform of acyl-CoA synthetase that initiates lipid metabolism and 

determines whether fatty acids are channeled toward pathways of oxidation or complex 

lipid biosynthesis (Li et al, 2011). Next, CPT I is the rate-limiting step, transferring the 

acyl-CoA to a free hydroxyl group of carnitine allowing this newly formed fatty acyl-

carnitine to be shuttle via an antiport Carnitine Acyl Translocase across the inner 

mitochondrial membrane into the mitochondrial matrix. In the mitochondrial matrix, fatty 
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acyl-carnitine reacts with free CoA in a reaction catalyzed by the third player, CPT II, 

yielding fatty acyl-CoA, which can then be subsequently utilized in beta-oxidation. 

However, to date, there are no studies that have investigated PLIN protein association 

with these proteins.  
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CHAPTER 3 

Statement of the Problem/Purpose/Hypotheses 

 

Statement of the Problem 

Previous research has found PLIN3 and PLIN5 associated with the mitochondrial 

fraction and the protein content of these two proteins can be increased with specific 

exercise paradigms. These PLIN proteins also reside on the lipid droplet and it is know 

that both the lipid droplet and mitochondria increase in apposition following different 

exercise stimuli. A specific function or role has yet to be delineated for these PLIN 

proteins within the mitochondrial fraction. The intra-mitochondrial location of these lipid 

droplet proteins has yet to be elucidated, however, it is tempting to speculate that they 

may be located on the OMM where the lipid droplet and mitochondria interact. 

Furthermore, co-immunoprecipitation between the PLINs and other mitochondrial 

proteins has not yet been investigated and may give insight into their potential roles at 

rest and following stimulated contraction.  

Purpose 

 The primary goal of this research is to determine the intra-mitochondrial location 

of the PLIN3 and PLIN5 proteins in skeletal muscle at rest and following electrically 

stimulated contraction. In doing this, we can determine more closely where these proteins 

reside in the mitochondria, which could lead to important clues to the possible 

mitochondrial roles for these two proteins.  
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 A secondary purpose is to explore associations between PLIN3 and PLIN5 and 

mitochondrial proteins such as Mfn1 and Mfn2 (involved in lipid droplet: mitochondrial 

interactions) and the CPT system (mitochondrial import of fatty acids for oxidation). 

Hypothesis 

 We hypothesize:  

1. Both the PLIN3 and PLIN5 proteins will be found in the OMM where the lipid 

droplet and mitochondria interact with each other as a functional unit to transport 

free fatty acids from the lipid droplet to mitochondria for oxidation. Previous 

research has found that both the lipid droplet and mitochondria increase in 

apposition following exercise stimuli and that the PLIN proteins could potentially 

be found at the interface. Since proteins are not easily moved into the 

mitochondrial matrix in acute situations (and structure/function analysis did not 

reveal any signal sequence for either protein), we do not expect increased PLIN3 

or PLIN5 protein in the IMM/Mx fraction following muscle contraction.  

2. PLIN5 will associate with OMM proteins involved in fatty acid import into the 

mitochondria (e.g., ACSL1, CPT I) during resting conditions and that this 

association will become stronger following stimulated contraction due to 

increases in muscle lipolysis and oxidation. 

3. PLIN3 will associate with OMM proteins involved in lipid droplet/mitochondria 

apposition (e.g., Mfn1 and 2) because PLIN3 is not increased with acute 

contraction, but with endurance training, which increases their association.  
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CHAPTER 4 

Methods 

 

Animals 

 Male Long Evans rats (n=8; 440 ± 23g) at approximately 5 months of age were 

used for this research study. All rats were purchased from Charles River Laboratories 

International Inc. (Canada) and were housed in pairs in the Ventilated Housing Unit 

(VHU) of the Comparative Bioscience Facility (CBF) according to guidelines set by the 

Good Animal Practice from the Canadian Council on Animal Care (CCAC). Rats were 

maintained on a 12:12 light-dark cycle, fed standard rodent chow, Tekland Global 14% 

protein, (Harlan Tekland Global, Mississauga, ON, Canada) and had ad libitum access to 

both food and water. This study adhered to standard operating procedures as per the 

CCAC and was approved by the Brock University Animal Care Committee (Animal 

Utilization Protocol # 15-11-03).     

Acute sciatic nerve stimulation  

 Anaesthetized rats underwent sciatic nerve stimulation for a total of thirty minutes 

(10ms impulses, 100Hz/3s at 10-20V; train duration 100ms), which previously has been 

shown to induce lipolysis in rat hindlimb muscles in our lab (Ramos et al, 2014 and 

2015) and in other studies (Bonen et al, 2000; Stefanyk et al, 2012). This sciatic nerve 

stimulation protocol has two thirteen minute halves separated by a 4min rest period (to 

prevent animal and muscle fatigue). Rats were anaesthetized using 5% isoflurane for the 

induction phase and 4% isoflurane for the maintenance phase of the surgery (Apollo Tec 

3 Style Anaesthetic Isoflurane Vaporizer, Northern Vaporisers, serial number 6708, 
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Quebec, Canada). A small incision was made above the left leg above the hip to expose 

the sciatic nerve. Curved platinum electrical wires were attached to the sciatic nerve for 

acute stimulation of the left leg, while the right leg remained as a resting control. Upon 

completion of the stimulation protocol, the oxidative hindlimb muscles red 

gastrocnemius, plantaris, and soleus muscles were removed and prepared for (primarily) 

subsarcolemmal mitochondrial isolation and rats were safely euthanized while under 

anaesthetics.  

Subsarcolemmal mitochondria isolation  

 The mitochondria isolation protocol described has been adapted from previous 

methods (Jackman and Willis 1996; Stefanyk et al 2010), and used in our lab (Peters et 

al, 2001; Ramos et al, 2015). Briefly, fresh muscles were directly placed on an inverted 

glass plate, on ice and manually minced. Skeletal muscle samples were then immersed in 

20 times the volume of solution 1 (100mM KCl, 40mM Tris HCl, 10mM Tris base, 5mM 

MgSO4, 5mM EDTA and 1mM ATP) and manually homogenized with a glass 

homogenizer. Samples then underwent differential centrifugation (Beckman Coulter, 

Allegra
TM

 21R centrifuge, serial number AGB00L001, Germany). The homogenate was 

centrifuged for 10 min at 700g to precipitate the cellular debris and plasma membrane, 

and supernatant was collected and spun again at 14000g to pellet mitochondria. 

Mitochondria were then re-suspended in 10 times the volume of solution 2 (100mM KCl, 

40mM Tris HCl, 5mM Tris base, 1mM MgSO4, 0.01mM EDTA, 1% BSA and 0.25mM 

ATP) and centrifuged for 10 min at 7000g followed by a wash in solution 3 (100mM 

KCl, 40mM Tris HCl, 5mM Tris base, 1mM MgSO4, 0.01mM 53 EDTA, and 0.25mM 

ATP) and centrifuged for 10 min at 7000g.  
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Citrate Synthase activity assay; calculation of recovery and quality of mitochondria 

 To calculate mitochondrial recovery and quality, citrate synthase (CS) activities 

on total muscle homogenate (CShomog) and mitochondrial suspensions were measured as 

previously described (Peters et al, 1998, 2001; Berthon et al, 1998; Srere 1969). Briefly, a 

small volume of mitochondrial suspension was diluted 20-fold with the final sucrose and 

mannitol buffer and divided into two fractions. Extramitochondrial CS (CSem) was 

measured in intact mitochondrial preparation, and CS activity in total suspension (CSts) 

was measured after the preparation was frozen and thawed twice to fracture 

mitochondrial membranes. In a cuvette, a real time reaction was initiated by adding the 

substrates oxaloacetate, Triton X-100, acetyl CoA into either mitochondrial suspension or 

a blank. Triton X-100 (0.1%) was included in the cuvette for measurement of CSts and 

CShomog to fully dissolve mitochondrial membranes and release CS activity. Subsequently 

produced free CoASH reacted with 5,5'-dithiobis-(2-nitrobenzoic acid) for colorimetric 

analysis on a GE Ultrospec 2100 pro spectrophotometer (Baie d'Urfe, Quebec, Canada) at 

412 nm (Srere 1969). Recovery of intact mitochondria was calculated as:  

% fractional recovery = 100 x (CSts - CSem)/CShomog 

Quality of the mitochondrial preparation was checked with each extraction and was 

calculated as the percentage of intact isolated mitochondria:  

% intact mitochondria = 100 x (CSts - CSem)/CSts 

Subsarcolemmal mitochondrial purification 

 Before sub-fractionating the mitochondria samples were further purified with a 

60% Percoll
®

 gradient (P1644, Sigma Chemical CO, Saint Louis, MO) (Benton et 
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al,2004) and re-suspended in sucrose and mannitol solution (220mM sucrose, 70mM 

mannitol, 10mM Tris HCl and 0.1mM EDTA). Briefly, a 60% Percoll
®
 solution was 

added to the top of mitochondrial fractions and spun at 20000g for 2 hours. The addition 

of Percoll
®
 on top of the mitochondria, opposed to adding the mitochondrial sample to 

the gradient did not influence the efficacy of the method. A 60% continuous bead 

gradient creates a density gradient so that the mitochondrial sample will reach its specific 

density differing from other contaminating structures and organelles. During 

centrifugation, the mitochondrial samples will reside at the same density as the 

surrounding solution and after the migration the.  The middle layer containing the 

mitochondria was removed and 1mL of 60% Percoll
®
 was added and spun again at 

20000g for 5 hours to remove the remaining contaminants. Samples were stored at -80°C 

until protein analysis and subfractionation stage.  

Outer mitochondrial membrane digestion 

 In order to further determine the intra-mitochondrial location of both PLIN3 and 

PLIN5 on the mitochondrial membranes, the OMM was selectively digested by 

incubating with, or without, digitonin; a non-ionic detergent used to precipitate 

cholesterol and permeabilize cell membranes. Mitochondria were exposed to 0, 50, 100, 

200μg digitonin/mg of mitochondria for 15min, and thereafter centrifuged at 10000g and 

the pelleted mitoplast was resuspended in sucrose and mannitol once separated from the 

supernatant that contained OMM and IMS. Markers of IMM and OMM via western blot 

analysis (described below) were quantified to ensure effectiveness of the protocol. The 

digitonin concentrations of 100μg/mg of mitochondria was used for subsequent 

experiments and is identical with that previously used elsewhere and yielded the best 
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results with respect to contamination vs. recovery (Tansey et al, 2001; Smith et al, 2011). 

The mitochondrial membrane markers that were used to identify purity of each of the two 

fractions (OMM/IMS and mitoplast, IMM/Mx) have been used in other laboratories 

(Safdar et al, 2011) were confirmed through western blotting of selected proteins that has 

been described below. 

Antibodies  

 The antibodies used for the detection of contamination within the mitochondria 

sample have been previously used in our lab (Ramos et al, 2014; Stefanyk et al, 2010) 

and are as follows: PLIN2 (Adipophilin/ADRP mouse monoclonal, Progen, #610102, 

Heidlberg, Germany), SERCA1 (Anti-SERCA1 ATPase, mouse monoclonal, 

Thermoscientific, #MA3-911, Rockford, IL), SERCA2 (Anti-SERCA2 ATPase, mouse 

monoclonal, Abcam, #ab2861, Cambridge, MA), beta-dystroglycan (anti-beta 

dystroglycan [43DAG1/8D5], mouse monoclonal, Abcam, #ab49515, Cambridge, MA), 

Emerin (anti-emerin, rabbit polyclonal, Abcam, #ab40688, Cambridge, MA), golgi 

matrix protein (GM130) (GM130/GOLGA2 antibody [EP892Y], rabbit monoclonal, 

Novus Biologicals, #NB110-57012, Littleton, CO), cytochrome c oxidase 4-subunit IV 

(COX IV) (COX4 subunit 4, mouse monoclonal, MitoScience, #MS407, TO). 

 The antibodies used for the detection of purity of the various mitochondrial 

fractions have been used in other laboratories (Safdar et al, 2011). Translocase of outer 

mitochondrial membrane (TOMM22) (Anti-TOMM22, mouse monoclonal, Abcam, 

#ab57523, Cambridge, MA), cytochrome c (Anti-Cytochrome C [EP1326-80-5-4], rabbit 

monoclonal, Abcam, #ab76237, Cambridge, MA), cytochrome c oxidase 4-subunit IV 
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(COX IV) (COX4 subunit 4, mouse monoclonal, MitoScience, #MS407, TO), citrate 

synthase (CS) (Anti-Citrate Synthase, clone D3G4, mouse monoclonal, EMD Millipore, 

#MAB3087, Darmstadt, Germany).  

 The antibodies used to detect both PLIN3 and PLIN5 for this study have been 

previously used in our lab (MacPherson et al, 2012; MacPherson et al, 2013a; Peters et al, 

2012; Ramos et al, 2014; Ramos et al, 2015) and other laboratories (Bosma et al, 2013; 

Dalen et al, 2007; Servetnick et al, 1995). The PLIN5 antibody has been confirmed in a 

knockout model used by Mason et al, 2014. PLIN5 (Anti-OXPAT, guinea pig polyclonal, 

Progen, #GP31, Heidlberg, Germany). PLIN3 (Anti-Tip47 (NT) rabbit polyclonal, ProSci 

Incorporated, #3883, CA). 

Western blot analysis 

 Protein concentration for all mitochondrial preparations, mitochondrial membrane 

preparations, and whole homogenate samples were determined by Bradford assay (Bio-

Rad Protein Assay Dye Reagent Concentrate; #500-0006; Bio-Rad, Mississauga, ON, 

Canada). All samples were prepared with a 3x Laemmli buffer and boiled for 5min before 

loading (except for PLIN5, SERCA1, and SERCA2 which appear to be sensitive to 

proteolysis). Each protein was optimized for loading by concentration gradients. 

Evaluation of mitochondrial purity  

 Contamination for sarco (endo) plasmic reticulum was measured by SERCA1 and 

SERCA2 protein content. This was measured because these organelles are the site of lipid 

droplet synthesis and may contain PLIN3 and PLIN5 as they have been shown to interact 

with these organelles in cell culture models (Hsieh et al, 2012; Skinner et al, 2009). Lipid 
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droplet contamination was assessed by PLIN2 protein content, and beta-dystraglycan was 

probed for sarcolemma contamination. Nuclear and Golgi membrane contamination were 

assessed by Emerin and GM130 respectively which have also been shown to have PLIN 

protein content. All membranes were cut at ~25kDa band and probed for COXIV (~16 

kDa) to confirm the enrichment of mitochondria protein and used as a loading control for 

purified mitochondria. Separation gels differed by protein of interest: A 10% acrylamide 

running gel was used for PLIN2 (~50kDa; loaded 15μg), SERCA1 (~110kDa; loaded 

20μg), SERCA2 (~110kDa; loaded 10μg), and beta-dystroglycan (43kDa; loaded 10μg) 

and a 12% acrylamide running gel was used for Emerin (~30kDa; loaded 10μg), GM130 

(~115; loaded 10μg), and COXIV (~16kDa; loaded 10μg). Gels were run for ~80-90min 

at 120V. All proteins were transferred onto polyvinylidene fluoride (PVDF) membranes 

at 100V for 60min.   

 Membranes were then blocked with 5% fat-free milk in Tris-buffered saline with 

tween TBST for an hour at room temperature with gentle mixing. Membranes were then 

diluted with the appropriate primary antibody (1:1000 for PLIN2, SERCA1, SERCA2, 

beta-dystroglycan, emerin, GM130; 2:5000 for COX IV) with 5% milk in TBST 

(COXIV), 3% milk in TBST (PLIN2, SERCA1, SERCA2, beta-dystroglycan, emerin, 

GM130) overnight at 4°C with gentle mixing. All membranes were washed in TBST 

three to five times for 5min each and then incubated with their respective secondary 

antibodies conjugated with horseradish peroxidase (1:10,000 for all secondaries except 

for COX IV which had a 1:20,000 dilution factor for its secondary). Secondaries were 

diluted in 5% milk in TBST (COX IV), 3% milk in TBST (PLIN2, SERCA1, SERCA2, 

beta-dystroglycan, emerin, GM130) for 1hr at room temperature with gentle mixing. All 
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membranes were washed with TBST three times for 10min and protein signals were 

detected using Chemiluminescent horseradish peroxidase reagent substrate (Peroxide 

solution + Luminal reagent) (Amersham Biosciences, Piscataway, NJ) and imaged on LI-

COR® C-DiGit™ chemiluminescence western blot scanner (Model #3600, Lincoln, NE 

68504 U.S.A.) and images were analyzed using Image Studio Lite version 5.2.  

Confirmation of successful sub-fractionation of mitochondria 

 The purity of the mitochondrial fractions was determined by western blotting. 

Different protein markers (listed above) were probed for with each of the different resting 

and stimulated samples. Separation gels differed by proteins of interest: A 10% 

acrylamide running gel was used for CS (~50kDa) and a 12% acrylamide running gel was 

used for COXIV (~16kDa), TOMM22 (~15kDa), and cytochrome c (~14kDa).  

 Gels were loaded equally by volume (10µL for each protein of interest) based on 

the volumes of the two mitochondrial fractions (OMM/IMS and IMM/Mx). This was 

done in order to observe the protein markers for each of the various mitochondrial 

membranes and spaces. A sample calculation of this method is shown below.  

Fraction 1: Total Volume=400µL, [protein]=9.1µg/µL  

- Loaded 8.2µL of mitochondrial fraction 1 sample into 50µL of sample buffer.  

- (8.2µL x 9.1µg/µL) ÷ 50µL = 1.49µg/µL 

- Loaded 10µL into gel. 

- Therefore, ~15µg of protein was loaded. 
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Fraction 2: Total Volume=50µL, [protein]=12.3µg/µL 

- Want to have equal total volume as Fraction 1. 

- (12.3µg/µL x 50µL) ÷ 400µL = 1.54µg/µL  

- Loaded 8.2µL of mitochondrial fraction 2 sample into 50µL of sample buffer. 

- (8.2µL x 1.54µg/µL) ÷ 50µL = 0.25µg/µL 

- Loaded 10µL into gel. 

- Therefore, ~2.5µg of protein was loaded. 

 

 Gels were run for ~80-90min at 120V. All proteins were transferred onto PVDF 

membranes at 100V for 60min. 

 Membranes were then blocked with 5% fat-free milk in Tris-buffered saline with 

tween TBST (COX IV, TOMM22, and cytochrome c) or 5% bovine serum albumin 

(BSA) in TSBT (CS) for an hour at room temperature with gentle mixing. Membranes 

were then diluted with the appropriate primary antibody (1:1000 for TOMM22, and 

cytochrome C; 1:500 for CS; 2:5000 for COX IV) with 5% milk in TBST (COXIV), 3% 

milk in TBST (TOMM22, cytochrome c) or 1% BSA (CS) overnight at 4°C with gentle 

mixing. All membranes were washed in TBST three to five times for 5min each and then 

incubated with their respective secondary antibodies conjugated with horseradish 

peroxidase (1:10,000 for all secondaries except for COXIV which had a 1:20,000 dilution 

factor for its secondary). Secondaries were diluted in 5% milk in TBST (COX IV), 3% 

milk in TBST (CS, TOMM22, cytochrome c) for 1hr at room temperature with gentle 
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mixing. All membranes were washed with TBST three times for 10min and protein 

signals were detected using Chemiluminescent horseradish peroxidase reagent substrate 

(Peroxide solution + Luminal reagent) (Amersham Biosciences, Piscataway, NJ)  and 

imaged on LI-COR® C-DiGit™ chemiluminescence western blot scanner (Model #3600, 

Lincoln, NE 68504 U.S.A.) and images were analyzed using Image Studio Lite version 

5.2.  

Immunoblotting PLIN3 and PLIN5   

 Western blotting was used to identify what fraction PLIN3 and PLIN5 reside in 

during resting conditions and whether or not their location changed following acute 

electrically induced stimulation. An 8% acrylamide running gel was used for PLIN3, 

(~47kDa) and 10% acrylamide PLIN5 (~50kDa). Both PLIN3 and PLIN5 were loaded 

equally by volume to ensure each mitochondrial fraction would theoretically add up to 

the original total mitochondrial volume (for both rest and stimulated samples). This was 

because each of the OMM/IMS fraction and IMM/Mx fraction had different total 

volumes when the mitochondrial subfractionation method was completed (e.g., the 

mitoplasts in the pellet had a much smaller volume than the supernatant OMM/IMS, 

which was close to the original volume). By loading with volumes we could get a better 

idea of how much protein content was allocated to each of the two different fractions as a 

percentage of the total volume.  

However, just to be consistent with current practice, a different set of gels were loaded 

equally per milligram (mg) of mitochondrial protein. When immunoblots were analyzed 

using either of the two loading methods, similar results were found for each of the two 
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PLIN proteins. Therefore, only the % of total mitochondrial volume for the protein of 

interest are reported in the Results section and the amount of protein per mg may be 

found in Figures 20 and 21 in Appendix II for comparison. Loading controls for all 

samples were determined through ponceau stains that showed total protein per lane. Gels 

were run for ~80-90min at 120V. Both proteins were transferred onto PVDF membranes 

at 100V for 60min.  

 Membranes were then blocked with 5% fat-free milk in Tris-buffered saline with 

tween TBST for PLIN5 and 5% bovine serum albumin (BSA) in TSBT for PLIN3 for an 

hour at room temperature with gentle mixing. Membranes were then diluted with the 

appropriate primary antibody (1:1000 for PLIN3 and PLIN5 with 3% milk in TBST 

(PLIN5) and 1% BSA in TBST (PLIN3) overnight at 4°C with gentle mixing. All 

membranes were washed in TBST three to five times for 5min each and then incubated 

with their respective secondary antibodies conjugated with horseradish peroxidase 

(1:10,000 for both PLIN3 and PLIN5. Secondaries were diluted in 3% milk in TBST for 

PLIN5 and 1% BSA in TBST for PLIN3 for 1hr at room temperature with gentle mixing. 

Both membranes were washed with TBST three times for 10min and protein signals were 

detected using Chemiluminescent horseradish peroxidase reagent substrate (Peroxide 

solution + Luminal reagent) (Amersham Biosciences, Piscataway, NJ) and imaged on LI-

COR® C-DiGit™ chemiluminescence western blot scanner (Model #3600, Lincoln, NE 

68504 U.S.A.) and images were analyzed using Image Studio Lite version 5.2.  
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Co-immunoprecipitation 

 Co-immunoprecipitation relies on the ability of an antibody to stably and 

specifically bind complexes containing a protein of interest. In this method, the use of 

SureBeads™ Protein G Magnetic Beads and Magnetic Racks (cat. #161-4013, BIO-RAD 

Laboratories, Inc) are utilized to immunoprecipitate protein complexes that are formed 

between the antibody and protein of interest. SureBeads were thoroughly resuspended 

and washed with PBS-T. After every wash the beads were magnetized to precipitate and 

the supernatant was removed. 10µg of primary antibody was added to the beads and 

incubated at room temperature for 10min with gentle rotating to allow covalent binding 

of antibody to the beads containing protein G. The beads with covalently bound antibody 

were precipitated and washed three times with PBS-T. Purified mitochondrial samples 

were stored frozen at -80°C. On the day of the analysis, the samples were thawed on ice 

and then incubated with the antibody-beads for 1hr at room temperature with gentle 

rotating. The freeze-thaw cycle of these mitochondria suggests that the membrane 

structures would likely have been compromised leaving the majority of membrane bound 

proteins released to co-immunoprecipitate with the target proteins of PLIN3 and PLIN5.    

 The second stage of this method was the elution of proteins associated with the 

precipitated protein of interest. The antibody-beads with associated proteins were 

precipitated and the supernatant was removed. Bead pellets were washed three times with 

PBS-T and then spun down for several seconds and magnetized in order to fully aspirate 

any residual buffer. 40µL of 1x Laemmli buffer was added to the beads/protein mixture 

and incubated for 10min at 70°C. Finally, the beads (with the antibody still covalently 
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bound) were magnetized and the eluent was moved to a new vial and stored for further 

analysis at -80°C.        

Statistical analysis 

 Western blot band density was analyzed with Image Studio Lite version 5.2 

software. Statistical significance for all tests was accepted at p<0.05. Data are reported as 

mean±standard error. Comparison between rest and stimulated mitochondrial fractions 

were performed through a two-way repeated measures ANOVA. PLIN3 and PLIN5 rest 

and stimulated mitochondrial protein content was compared using a paired t-test.   
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CHAPTER 5 

Results 

 

Fractional recovery and quality of isolated mitochondria 

 Frctional recovery averaged 22±10% for this study which is consistent with 

previous research (Peters et al, 1998; Peters et al, 2001). Similarly, the quality of the 

mitochondrial preparation (or the percentage of intact mitochondria isolated) was 

checked with each extraction and was 87±10%. This indicates good efficacy of the 

extraction, and is a surrogate measure of the 'quality' of the preparation, in absence of 

functional measurements (e.g., respiratory control ratio).  

Confirmed purity of isolated skeletal muscle mitochondria 

 Representative proteins from potentially contaminating cellular structures as well 

as enrichment for mitochondrial proteins were detected in both the purified mitochondria 

and whole homogenate to ensure the purity of the mitochondrial extracts. There was 

negligible mitochondrial contamination from the following organelles and their 

corresponding protein markers; lipid droplet (PLIN2), sarcoplasmic reticulum I and II 

(SERCAI and II), sarcolemma (beta-dystroglycan), nucleus (emerin), and golgi-

membrane (GM130) (Figure 4). Furthermore, it was shown that COXIV protein content 

was enriched in the mitochondria fraction illustrating purity and quality of our samples 

(Figure 4).  
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Figure 4. Purity of skeletal muscle subsarcolemmal mitochondria. Both resting and stimulated 

purified mitochondrial samples (first two lanes) were immunoblotted for various sources of contamination; 

Lipid droplet (PLIN2, 15μg, ~48kDa), sarcoplasmic reticulum (SERCA1 and 2, 20μg and 10μg, ~110kDa 

and ~110kDa), sarcolemma (beta-dystroglycan, 10μg, ~43kDa), nucleus (emerin, 10μg, ~33kDa) which 

migrated slightly higher than its predicted molecular weight as the only band on the blot, golgi-membrane 

(GM130, 10μg, ~130kDa). COXIV (10μg, ~16kDa) was also proven to be enriched in the purified 

mitochondrial samples concluding good quality and purity of isolation. Whole homogenate samples (last 

two lanes) were immunoblotted as positive control. The molecular mass in kDa is indicated on the left-hand 

side. 
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Confirmed sub-fractionation of purified skeletal muscle mitochondria at rest and 

following acute electrical stimulation 

 In order to ensure purity of our various sub-cellular fractions we compared our 

resting samples as well as samples following acute stimulated induced lipolysis. These 

samples comprised of outer mitochondrial membrane (OMM) with the intermembrane 

space (IMS), and the inner mitochondrial membrane (IMM) with the mitochondrial 

matrix (Mx) (i.e., the mitoplasts) as well as purified mitochondria (Mito). Detection of 

protein markers for each of these samples allowed us to validate our fractionation 

procedure. As illustrated in Figure 5, selected protein markers specific to each of the 

mitochondrial membranes and spaces were examined and were highly concentrated only 

in their respective fractions and in the Mito.  

 

Figure 5. Mitochondrial subfractionation confirmation at rest and following acute electrical 

stimulation. Following digitonin digestion of the OMM and IMS, selective proteins were probed for in 

the various fractions in order to determine purity of each of the samples; OMM/IMS, IMM/Mx, and 

purified mitochondria (Mito). The following proteins were used and associated with their respective 
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membrane or space; Translocase of outer mitochondrial membrane (TOMM22, ~15kDa) (OMM), 

cytochrome c (Cyt c, ~14kDa) (IMS), cytochrome c oxidase subunit IV (COXIV, ~16kDa) (IMM), citrate 

synthase (CS, ~50kDa) (Mx). Each lane was loaded equally (10µL) based on the volumes of the 

mitochondrial fractions. The molecular mass in kDa is indicated on the left-hand side.   

 

PLIN5 and PLIN3 protein content in rested and contracted skeletal muscle 

mitochondria  

 As confirmation of previous studies (Ramos et al, 2014; Ramos et al, 2015), 

PLIN5 protein content (per mg of mitochondrial protein) increased ~1.6-fold following 

acute contraction-mediated lipolysis in purified skeletal muscle mitochondria versus un-

stimulated purified mitochondria (p= 0.002) (Figure 6A). However, PLIN3 protein 

content did not change following stimulation (p= 0.053) (Figure 6B).      
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Figure 6. PLIN5 (A) and PLIN3 (B) protein content in rested and contracted skeletal muscle 

purified mitochondria. PLIN5 protein content increased (*p=0.002) following acute electrically 

stimulated (stim) induced lipolysis (n=8). However, PLIN3 protein content did not change (p=0.053) 

following acute stimulation (n=8). 

 

Intra-mitochondrial location of PLIN5 at rest and following acute electrical 

stimulation 

 At rest, PLIN5 is more closely associated with OMM/IMS fraction (70%±0.08; 

Figure 7) but following stimulated contraction PLIN5 protein content is more 

concentrated in the IMM/Mx, and reduced in the OMM/IMS (35%±0.10; Figure 7). If 

each fraction is compared per mg of mitochondrial protein in resting and stimulated 

condition, there was a 57% drop in the OMM/IMS PLIN5 with stimulation and a 72% 

increase in IMM/Mx PLIN5 with stimulation (Appendix II, Figure 20).  
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Figure 7. PLIN5 protein content localized in the mitochondrial fractions presented as 

percent of purified mitochondria. Stimulated contraction promotes increased localization of PLIN5 to 

the IMM/Mx fraction (n=8). a, (p=0.009) treatment within OMM/IMS; b, (p=0.028) treatment within 

IMM/Mx; *, (p=0.029) location within rest; ¥, (p=0.007) location within stimulation. Representative blot at 

50kDa. 

 

Intra-mitochondrial location of PLIN3 at rest and following acute electrical 

stimulation 

 At rest and following stimulation, PLIN3 mainly associates with the OMM/IMS 

(92%±0.13 at rest and 84%±0.08 following stimulation; Figure 8) and very little is found 

in the IMM/Mx (18%±0.04 at rest and 16%±0.05 following stimulation; Figure 8). This 

association at the OMM/IMS did not change with stimulation (Figure 8). If rest and 
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stimulated protein content of PLIN3 are compared using per mg of mitochondrial protein, 

PLIN3 is mainly located in the OMM/IMS fraction and not the IMM/Mx (Appendix II, 

Figure 21), and this was unaltered with contraction.    

 

Figure 8. Intra-mitochondrial PLIN3 protein content location at rest and following acute 

electrical stimulation induced lipolysis. PLIN3 association did not change within the fractions 

following stimulated contraction and lipolysis/oxidation, and was found primarily in the IMM/Mx (n=8). 

Main effect, a, (p=<0.001) between the two fractions. Representative blot at 47kDa. 

 

Co-Immunoprecipitation of PLIN3 and PLIN5 with mitochondrial proteins 

 PLIN3 and PLIN5 were both immunoprecipitated from rest and stimulated 

purified mitochondrial extracts. Potential associations with mitochondrial proteins 

involved in fatty acid import into the mitochondria (i.e., the CPT system) and 
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mitochondrial fusion were tested through immunoblotting the precipitated perilipin 

proteins. Control samples were used as a negative control which did not contain any 

target protein antibody therefore no associations should be detected. Co-

immunoprecipitation was conducted at rest (R) and following stimulated contraction (S).   

Co-Immunoprecipitation of mitochondrial PLIN3 and PLIN5 with Acyl-CoA 

Synthetase 1 (ACSL1)  

 There was an association of both PLIN5 and PLIN3 with ACSL1 (the first 

enzyme involved in fatty acid transport) as shown in the representative blot in the top 

panel of Figure 9. ACSL1 co-immunoprecipitated with both PLIN proteins under both 

resting and stimulated conditions but did not alter its association with stimulation (n=5). 

Confirmation of PLIN3 and PLIN5 precipitation in the same sample is illustrated in the 

middle and bottom panel (Figure 9). At rest, approximately 79%±0.01 of the total 

precipitated PLIN3 was associated with ACSL1, but this was unchanged with stimulation 

(Appendix III, Figure 22). Approximately 90%±0.03 and 93%±0.04 of precipitated 

PLIN5 was associated with ACSL1 in both rest and stimulated conditions respectively 

(Appendix III, Figure 22).  
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Figure 9. Acyl-CoA Synthetase 1 (ACSL1) associates with both PLIN 3 and 5 under both 

rest (R) and acute electrical stimulation (S). Top panel: Immunoprecipitated (IP) PLIN3 (first two 

lanes) and PLIN5 (last two lanes), immunoblotted (IB) for ACSL1 (78kDa); Middle panel: Same IB 

membrane stripped and re-probed to confirm PLIN3 precipitation (47kDa); Bottom panel: Same IB 

membrane stripped and re-probed to confirm PLIN5 precipitation (50kDa). The IP control (middle two 

lanes) is a negative control without the addition of PLIN3 or PLIN5 antibody. This was confirmed in n=5 

animals.       

 

Co-Immunoprecipitation of mitochondrial PLIN3 and PLIN5 with carnitine 

palmitoyl-transferase I (CPT I) 

 CPT I (the rate-limiting enzyme in the import of fatty acids) associates with 

PLIN5 but not PLIN3 as illustrated in the top panel (Figure 10). This co-

immunoprecipitation did not change with stimulated contraction. Confirmation of PLIN3 

and PLIN5 precipitation for the same blot is shown in the middle and bottom panel 

(Figure 10). At rest, approximately 93%±0.06 of the total precipitated PLIN5 was 

associated with CPT I, but this was unchanged with stimulation 95%±0.07 (Appendix III, 

Figure 23).  
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Figure 10. Carnitine palmitoyl-transferase I (CPT I) associates with PLIN5 but not PLIN3 

under both rest (R) and acute electrical stimulation (S). Top panel: Immunoprecipitated (IP) 

PLIN3 (first two lanes) and PLIN5 (last two lanes), immunoblotted (IB) for CPT I (88kDa); Middle panel: 

Same IB membrane stripped and re-probed to confirm PLIN3 precipitation (47kDa); Bottom panel: Same 

IB membrane stripped and re-probed to confirm PLIN5 precipitation (50kDa). The IP control (middle two 

lanes) is a negative control without the addition of PLIN3 or PLIN5 antibody. These results were confirmed 

in n=5 animals. 

 

Co-Immunoprecipitation of mitochondrial PLIN5 with carnitine palmitoyl-

transferase I (CPT I) and carnitine palmitoyl-transferase II (CPT II) 

 CPT I is found associated with the inner leaflet of the OMM, but not necessarily 

the IMM. In an effort to explain why PLIN5 is more associated with the IMM/Mx 

fraction following contraction, the co-precipitation of PLIN5 and CPT II was examined. 

Although PLIN5 associated with CPT I (as shown previously in Figure 10 and Figure 

11A, n=5animals), it did not co-precipitate with CPT II under either rest or stimulated 

contraction (Figure 11B; n=3 animals). At rest, approximately 77%±0.04 of the total 

precipitated CPT I was associated with PLIN5 but this was unchanged with stimulation 

75%±0.06 (Appendix III, Figure 23).  
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Figure 11. Mitochondrial PLIN5 associates with carnitine palmitoyl-transferase I (CPT I) 

under both rest (R) and acute electrical stimulation (S) but not carnitine palmitoyl-

transferase II (CPT II). A: Top panel: Immunoprecipitated (IP) CPT I (first two lanes), immunoblotted 

(IB) for PLIN5; Bottom panel: Same IB membrane stripped and re-probed to confirm CPT I precipitation 

(88kDa). The IP control (last two lanes) is a negative control without any precipitated antibody. B: Top 

panel: Immunoprecipitated (IP) CPT II (first two lanes), immunoblotted (IB) for PLIN5 (50kDa); Bottom 

panel: Same IB membrane stripped and re-probed to confirm CPT II precipitation (73kDa). The IP control 

(last two lanes) is a negative control without any precipitating PLIN3 or PLIN5 antibody. This was 

confirmed in a total of n=3 animals.       

 

Co-Immunoprecipitation of carnitine palmitoyl-transferase I (CPT I) with carnitine 

palmitoyl-transferase II (CPT II) 

 To determine if CPT I on the OMM and CPT II on the IMM co-precipitate in both 

resting and stimulated samples, CPT I was immunoprecipitated and the resulting 
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precipitate was immunoblotted for CPT II (Figure 12 top panel; n=5 animals). At rest, 

CPT I and CPT II co-precipitated with each other (82%±0.02) and this association did not 

change following stimulated contraction (84%±0.04) (Appendix III, Figure 24). 

 

Figure 12. Carnitine palmitoyl-transferase I (CPT I) associates with carnitine palmitoyl-

transferase II (CPT II) under both rest (R) and acute electrical stimulation (S). Top panel: 

Immunoprecipitated (IP) CPT I (first two lanes), immunoblotted (IB) for CPT II (73kDa). Bottom panel: 

Same IB membrane stripped and re-probed to confirm CPT I precipitation (88kDa). The IP control (last 

two lanes) is a negative control without any precipitated antibody.       

 

Co-Immunoprecipitation of mitochondrial PLIN3 and PLIN5 with mitofusin 1 

(Mfn1) and mitofusin 2 (Mfn2) 

 Mfn1 and Mfn2 are responsible for mediating fusion of mitochondria and can 

alter mitochondrial morphology. However, neither Mfn1 nor Mfn2 co-precipitated with 

either PLIN3 or PLIN5 during rest or following stimulated contraction (Figure 13; n=3 

animals).  
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Figure 13. Mitofusin1 (Mfn1) and Mitofusin2 (Mfn2) do not associate with either PLIN3 or 

PLIN5 under both rest (R) and acute electrical stimulation (S). A: Top panel: 

Immunoprecipitated (IP) PLIN3 (first two lanes) and PLIN5 (last two lanes), immunoblotted (IB) for 

Mfn1(82kDa); Middle panel: Same IB membrane stripped and re-probed to confirm PLIN3 precipitation 

(47kDa); Bottom panel: Same IB membrane stripped and re-probed to confirm PLIN5 precipitation 

(50kDa). The IP control (middle two lanes) is a negative control without any precipitated antibody. The far 

right lane was a loading control with purified mitochondria (Mito) showing that the Mfn1 antibody was 

appropriate. B: Top panel: Immunoprecipitated (IP) PLIN3 (first two lanes) and PLIN5 (last two lanes), 

immunoblotted (IB) for Mfn2 (80kDa); Middle panel: Same IB membrane stripped and re-probed to 

confirm PLIN3 precipitation (47kDa); Bottom panel: Same IB membrane stripped and re-probed to confirm 

PLIN5 precipitation (50kDa). The IP control (middle two lanes) is a negative control without any 

precipitated antibody. The far right lane was a loading control with purified mitochondria (Mito) showing 

that the Mfn2 antibody was appropriate.        
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CHAPTER 6 

Discussion 

 

 The objective of this study was to determine the intra-mitochondrial location of 

both PLIN3 and PLIN5 under resting and stimulated conditions. As hypothesized, PLIN3 

and PLIN5 were both found to be localized in the OMM/IMS fraction during rest and 

following stimulation. However, contrary to our hypothesis, PLIN5 was more abundant 

in the IMM/Mx fraction following acute electrical stimulation, at the expense of PLIN5 

in the OMM/IMS fraction. In addition to this primary finding, there were a number of 

different associations between PLIN3 and PLIN5 with other important mitochondrial 

proteins involved with fatty acid transport within the mitochondria. These associations 

included PLIN3 co-immunoprecipitating with ACSL1 and PLIN5 associating with both 

ASCL1 and CPT I. As well, both CPT I (OMM) and CPT II (IMM) co-

immunoprecipitated with one and other at rest and following stimulated contraction. 

However, for all of the protein-protein co-immunoprecipitation results, there were no 

quantitative differences in relative association between rest and stimulated conditions. 

Our findings contribute to the developing story that PLIN3 and PLIN5 appear to have a 

role by associating not only with skeletal muscle subsarcolemmal mitochondria but also 

with other mitochondrial proteins involved in fatty acid uptake. Furthermore, evidence 

from this study shows that with skeletal muscle contraction and muscle lipolysis, PLIN5 

protein content redistributes from the OMM/IMS fraction of the mitochondria to the 

IMM/Mx fraction. However, the location of PLIN3 does not change with muscle 

contraction and is only found primarily in the OMM/IMS. These data indicate that PLIN3 
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and PLIN5 have differing roles in association with skeletal muscle mitochondria during 

contraction and lipolysis.  

 Prior to beginning this study, PLIN3 and PLIN5’s amino acid sequence was 

analyzed in order to look for epitopes or domains with known functions that could give 

some insight into what these two PLIN proteins possible roles could be in connection 

with the mitochondria (such as mitochondrial signal sequence) (see Appendix I for 

details). First, it was found that neither PLIN3 nor PLIN5 contained a mitochondrial 

signal sequence or target peptide, which would normally allow a protein to target and 

transport into the IMM or Mx fraction (Appendix I). These mitochondrial targeting 

sequences are normally a 10-70 amino acid long peptide that will direct a newly 

synthesized preprotein through the steps of the import pathway until it reaches the matrix 

space or different regions of the mitochondria. Even though PLIN5 did not reveal a 

mitochondrial signal sequence, previous work has demonstrated that PLIN5 does have a 

unique property of recruiting mitochondria to the lipid droplet surface with the binding 

site on the C terminal 20 amino acid sequence (Wang et al, 2011). This targeting signal is 

necessary to induce physiological contact between mitochondria and the surface of the 

lipid droplet. Interestingly, PLIN3 has been recently reported to associate with 

mitochondria (Ramos et al, 2014 and 2015; Hocsak et al, 2010) and it requires an intact 

N-terminal domain suggesting a different mechanism for PLIN3 and PLIN5 to associate 

with the mitochondria (Hocsak et al, 2010). Further investigation into the structure of 

these PLIN proteins revealed the association and different interactions they had with 

other proteins such as lipid droplet lipases, Rab proteins, or other receptors. It is clear that 



65 
 

both PLIN3 and PLIN5 have unique characteristics and they probably play different roles 

in the mitochondria during times of muscle lipolysis and fat oxidation.         

 This study has also confirmed earlier work from our lab that during acute 

electrically induced muscle contraction PLIN5 content increases within skeletal muscle 

mitochondria (p=0.0018) and that mitochondrial PLIN3 protein content does not change 

(p=0.0531) following stimulated contraction (Ramos et al, 2014 and 2015). Because 

mitochondrial PLIN3 content was surprisingly very close to significance, we further 

conducted a power analysis, which revealed that in order for PLIN3 protein content to 

reach significance (p=0.050) a sample size of 80 animals would have to be attained, and 

therefore it is clear that there was considerable variability. Furthermore, evidence that 

mitochondrial PLIN3 protein content did not change in two previous cohorts of animals 

is in line with our findings (Ramos et al 2014 and 2015). This in vivo sciatic nerve 

stimulation protocol was used in order to compare contracted skeletal muscle to its own 

resting control while maintaining physiological conditions during the repeated 

contraction phase. This acute stimulation protocol has been previously used to elicit 

intracellular fatty acid mobilization (Han et al, 2007; Stefanyk et al, 2012) and reduces 

the amount of muscle lipids by almost 50% following contraction (Ramos et al, 2014 and 

2015).  

 We confirmed our mitochondrial isolation procedure by first ensuring that we 

were successfully isolating high quality mitochondria. As with previous studies, (Peters 

et al, 1998; Peters et al, 2001; Berthon et al, 1998) we had ~22% recovery of 

mitochondria that were ~87% intact. In terms of the recovery, previous work has 

indicated that subsarcolemmal mitochondria are ~22-28% of the total mitochondrial 
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volume in mixed muscle (Ekeren et al, 1992). Therefore, with our calculated recovery of 

22% it is likely that we are harvesting a representative sample of the total 

subsarcolemmal mitochondria. In our hands, we have also observed that any increase in 

recovery begins to compromise the quality of the mitochondria isolated. We chose to 

isolate subsarcolemmal mitochondria only, because apposition of the lipid droplet and the 

mitochondria happens in both compartments, but subsarcolemmal mitochondria can be 

easily isolated without requiring the addition of a protease to digest the myofibrillar 

components. The protease would have complicated our goal to study mitochondrial 

proteins on the OMM.   

We have also confirmed that we were successful in purifying skeletal muscle 

mitochondria that were considerably reduced from contamination of other cellular 

structures. In contrast to previous studies, our results did not find contamination from the 

sarcolemma in our mitochondrial preparation as we did not find any beta-dystroglycan in 

our purified mitochondrial samples, although it has been demonstrated that PLIN3 and 

PLIN5 are not detectable in isolated sarcolemmal membrane (Ramos et al, 2014). 

Furthermore, we did not detect any contamination from nuclei or the golgi membranes 

via immunoblotting protein markers of emerin and GM130. These organelles contain 

PLIN5 and PLIN3 respectively (Gallardo-Montejano et al, 2015; Aivazian et al, 2006; 

Carroll et al, 2001) (Figure 4), and therefore it was essential that our preparation did not 

contain remnants of these structures. Further, no contamination of lipid droplets in the 

mitochondrial fraction was confirmed via immunblotting PLIN2 which was not identified 

in our purified mitochondrial samples from both resting and stimulated muscles.  
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Successful subfractionation of purified skeletal muscle mitochondria was obtained 

via digitonin incubation which produced two fractions, the OMM/IMS and IMM/Mx. 

These fractions were confirmed by immunoblotting for proteins specific to each 

membrane and space: TOMM22 (OMM), cytochrome c (IMS), cytochrome c oxidase 

subunit IV (IMM), and citrate synthase (Mx) (Figure 5). Results confirmed that our 

fractions were relatively free of contamination, so that we could confidently study the 

intra-mitochondrial location of PLIN3 and PLIN5.   

PLIN5 intra-mitochondrial location at rest and following stimulated contraction   

 Mitochondrial PLIN5 protein content at rest was located in the OMM/IMS 

fraction of skeletal muscle mitochondria following subfractionation. A novel finding 

from this study is that PLIN5 protein content was lowered in the OMM/IMS fraction and 

increased in the IMM/Mx fraction following acute stimulated contraction, suggesting an 

apparent shift or redistribution with increased muscle activity and lipolysis. This suggests 

that mitochondrial PLIN5 has two distinct functions under both rest and stimulated 

conditions and that the location for these roles may be important and could alter what 

PLIN5 does during muscle contraction and lipolysis. Previous investigation into the 

structure and function of PLIN5 identified that this protein does not contain a 

mitochondrial signal sequence, which would allow PLIN5 to pass into the inner 

mitochondrial membrane or the mitochondrial matrix. However, it is possible that PLIN5 

could associate with other mitochondrial proteins and could contribute to a mitochondrial 

complex or functional connection that links the OMM and IMM. This could allow PLIN5 

protein content to be high within the IMM/Mx fraction following muscle contraction and 
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OMM digestion. More PLIN5 would be associated at this functional connection between 

the OMM and IMM.  

 The CPT complex of proteins are excellent candidates for this theory because the 

different proteins of the complex span the OMM, IMS, and IMM and regulate fatty acid 

uptake into the mitochondria for oxidation. Previous research has hypothesized that 

PLIN5 may function as a modulator for channeling free fatty acids into the mitochondria 

for beta-oxidation. Further evidence suggests that PLIN5 may act to match fatty acid 

demand to cellular needs during both low energetic state and promoting fatty acid influx 

into the mitochondria during times of high-energy demand such as acute stimulation. Our 

results that link PLIN5 with the CPT complex of proteins during stimulated contraction 

supports this hypothesis, since it can serve as a functional link between lipid droplet and 

the complex that acts as a gateway to beta-oxidation in the mitochondria. However, it is 

not clear why the relative degree of association does not increase following contraction, 

as this might help explain why PLIN5 is more associated with the IMM/Mx component 

under these circumstances. 

 Mitochondrial fusion and fission dynamics can also suggest a possible mechanism 

into the PLIN5 redistribution. Both processes of fusion and fission have been proposed to 

serve in the repair of damaged mitochondria by fusing with healthy ones, in the 

segregation of terminally damaged mitochondria for disposal by mitophagy (Katajisto et 

al, 2015; Twig et al, 2008). Mitochondrial fission can be triggered by mechanical forces 

such as mechano-stimulation that will subsequently result in the recruitment of the 

mitochondrial fission machinery and further division (Helle et al, 2017). This fission of 

the mitochondria during our stimulated contraction protocol could potentially allow for 



69 
 

PLIN5 that is located mainly on the OMM/IMS to relocate to the IMM/Mx. This 

proposed mechanism could allow for PLIN5 to slip into the mitochondria's IMM where 

the redistribution is being conveyed. Another possibility is through the fusion of 

mitochondria where a similar act is undergone by the mitochondria in that the OMM will 

have to open up briefly to allow for a neighboring mitochondria to fuse with that 

membrane. This period could allow for PLIN5 to redistribute allowing for a possible 

mechanism.    

PLIN3 intra-mitochondrial location at rest and following stimulated contraction 

 At rest and following stimulated contraction mitochondrial PLIN3 localised to the 

OMM/IMS fraction. Unlike PLIN5, relative PLIN3 protein distribution did not change 

with stimulated contraction and that there was no difference in protein content in the 

OMM/IMS fraction between the two conditions. This suggests that PLIN3 may have a 

different role than PLIN5 during contraction because it is most abundant in the 

OMM/IMS fraction and possibly at the interface between the lipid droplets and the 

mitochondria. A specific role for PLIN3 during stimulated contraction cannot be certain 

but due to its vesicular trafficking role in other cells such as HeLa cells, (Diaz and Pfeffer 

1998; Wolins et al, 2001) it can be hypothesized that PLIN3 may be a key player in 

trafficking lipid droplets and escorting them to the OMM. During muscle lipolysis and fat 

oxidation it has been shown that intramuscular lipid droplets and skeletal muscle 

mitochondria increase their association and physically move closer together so that there 

is more “touching” of these two organelles (Devries et al, 2007; Devries et al, 2013; 

Tarnopolsky et al, 2007). PLIN3 residing on the mitochondria’s OMM/IMS could be a 

candidate where it and other proteins may aid in the trafficking of these lipid droplets to 



70 
 

interact with the mitochondria. Further, this apposition between the two organelles is 

more pronounced with endurance training (Tarnopolsky et al, 2007), and given that 

mitochondrial PLIN3 content is increased with endurance training (Ramos et al, 2015), it 

is tempting to speculate that this increase is due to a possible role in physically linking 

these two organelles together. 

Co-precipitation of PLIN3 and PLIN5 with the CPT system proteins 

 Following the investigation of the intra-mitochondrial location of PLIN3 and 

PLIN5, we next examined whether or not these two PLIN proteins were associating with 

specific mitochondrial proteins. We chose to look at the CPT system, which has many 

different proteins that function in a cohesive unit to regulate and transport free fatty acids 

from the lipid droplet into the mitochondria. Although we did freeze the mitochondria 

prior to the immunoprecipitation, it is still possible that proteins are connected by 

membrane fragments, since we did not use a detergent to dissolve the membranes or 

repeatedly freeze-thaw the samples.  

ACSL1 and the PLINs 

 ACSL1 is found on the outer leaflet of the OMM and is the first protein in the 

CPT complex, catalyzing the activation of free fatty acids to fatty acyl-CoA. This isoform 

of ACSL1 is the only isoform that directs fatty acids from the OMM to the Mx for 

oxidation (Ellis et al, 2010). This study illustrated that both mitochondrial PLIN3 and 

PLIN5 associate with ACSL1 under rest and electrically stimulated conditions. After 

examining the ratios of ACSL1-associated PLIN proteins compared to the total 

precipitated PLIN3 or PLIN5 proteins, there was no detectable difference in the relative 
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co-immunoprecipitation between rest and stimulation. This association between ACSL1 

and the PLIN proteins could functionally support the localization of PLIN3 and PLIN5 to 

the OMM/IMS fraction. However, the association between ACSL1 and PLIN5 does not 

explain the redistribution of PLIN5 content to the IMM/Mx during stimulated 

contraction. Also, it is not clear why there is no difference in the relative association 

between rest and stimulated conditions, as was observed with PLIN5. 

CPT I and the PLINs 

 CPT I catalyzes the conversion of fatty acyl-CoA to fatty acyl-carnitine in the 

IMS on the inner leaflet of the OMM, and is the rate limiting step in fatty acid oxidation. 

Our results from the coimmunoprecipitation between PLIN3 and PLIN5 with CPT I 

illustrated that only PLIN5 had an association with CPT I which occurred during both 

rest and stimulation, suggesting a strong connection between PLIN5 and the rate of 

oxidation. PLIN3 showed no traces of co-precipitation with CPT I at rest or following 

stimulation, strengthening the idea that PLIN3 has a role very different from PLIN5. 

PLIN3 has been found to be involved with more of a trafficking role as seen with the 

mannose-6-phosphate receptor as well as association with lipid droplets and with 

endosomal trafficking system (Diaz and Pfeffer 1998; Wolins et al, 2001). PLIN5 on the 

other hand has been hypothesized to aid in regulating the rate of fatty acid release to 

match oxidative energy production as a link between lipid droplets and mitochondria 

(Bosma et al, 2012a). The association of PLIN5 with CPT I would support this role for 

PLIN5 as a protein facilitator that is required to link the regulation of the rate of lipolysis 

and the rate of oxidation. With the association between PLIN5 and CPT I, it is possible 

that PLIN5 work hand in hand with CPT I in order to send converted fatty acids further 
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into the mitochondria for beta-oxidation. The lack of difference in association between 

these two proteins at rest and following  stimulation suggests that PLIN5 and CPT I are 

co-precipitating during both states and that PLIN5 may be an important modulator for 

any fatty acid transport required for either low or high energy demands. However, the 

fact that the ratio of CPT I associated PLIN5 does not change with contraction does not 

help in the explanation of the redistribution of PLIN5 protein content to the IMM/Mx 

fraction.   

CPT I and CPT II 

 Our hypothesis was that the increased protein content of PLIN5 within the 

IMM/Mx fraction relied on an association between CPT I on the inner leaflet of the 

OMM in the IMS and CPT II on the matrix side of the IMM. Therefore, the final 

association that was examined within the CPT system was between both CPT I and CPT 

II. Novel findings from our study illustrated that under rest and following stimulation 

CPT I and CPT II associated with co-immunoprecipitation. This finding supports the 

hypothesis that there may be a larger intertwined network of proteins that create either a 

complex necessary for fatty acid transport or some sort of functional connection between 

the OMM and IMM considering that CPT I is found on the inside leaflet of the OMM and 

that CPT II is located on the IMM. Both of these proteins are critical in the transport of 

fatty acids into the mitochondrial matrix for beta-oxidation and it only makes sense that 

they associate in some manner. This study is the first to look at this potential 

mitochondrial point of connection between its two membranes which could lead to 

further roles for the PLIN proteins, specifically PLIN5 which was shown to be localised 

in the IMM/Mx fraction following contraction. This complex of proteins, which are 
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associating together during stimulation, could provide evidence why PLIN5 is found in 

the IMM/Mx fraction even after the OMM is digested away. PLIN5 could be very closely 

associated with CPT I and because CPT I is associated with CPT II which is located on 

the IMM, there could be a complex of these proteins that are extracted together in the 

mitoplast fraction after digestion of the OMM with digitonin.   

CPT II and PLIN5 

 CPT II is a mitochondrial inner membrane bound enzyme that is responsible for 

removing carnitine and reactivating the fatty acid with coenzyme A to make fatty acyl 

CoA, which is the matrix substrate for beta-oxidation. This study provided evidence that 

following acute stimulation, PLIN5 protein content was found in the IMM/Mx fraction of 

skeletal muscle mitochondria. In attempt to help answer why and how PLIN5 localised to 

this fraction we investigated the potential association between PLIN5 and CPT II which 

is found in the IMM. Interestingly, there was no association between these two proteins at 

rest and following stimulated contraction. We did not look at the association between 

PLIN3 and CPT II because in our original findings PLIN3 only localised to the 

OMM/IMS fraction and would be an unlikely candidate to associate with CPT II. These 

data speak to a possible role for PLIN5 within the mitochondria that may indeed be 

upstream in the fatty acid transportation scheme and closer to the rate limiting step of 

CPT I fatty acid conversion and conveyance. 

PLINs lack of association with Mfn1 and Mfn2 

 The idea that PLIN3 and PLIN5 may be associated with either mitofusin 1 or 2 

stemmed from the previous study looking Mfn2 knockout mice and the connection 
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between mitochondria and lipid droplet. Knockout studies looked at these two organelles 

and the combined expression of PLIN1 and Mfn2 required to trigger fat oxidation under 

lipolytic stimuli in brown adipose tissue (Boutant et al, 2017). This study revealed a 

strong association between PLIN1 and Mfn2, which was enhanced upon adrenergic 

stimulation, however, they did not find an association between PLIN1 and Mfn1. 

Evidence suggests that because PLIN3 and PLIN5 both localize to the OMM/IMS, which 

interact with the lipid droplet, similar to the PLIN1 and Mfn2 association, these PLIN 

proteins could have had an association with either Mfn 1 or 2. Co-immunoprecipitation of 

PLIN3 and PLIN5 with Mfn1 and 2 did not show any association in either rest or 

stimulated conditions. Because the results from the co-immunoprecipitation between the 

PLINs and mitofusin proteins did not reveal any associations, it is likely that the PLINs 

do not have a similar role to PLIN1 in adipocytes during adrenergic stimuli. 

Summary 

 This study has contributed to the story that both PLIN3 and PLIN5 are found 

within skeletal muscle mitochondria and that they further associate with specific 

mitochondrial proteins involved in fatty acid transportation. Our results illustrate the 

intra-mitochondrial protein distribution of both PLIN3 and PLIN5 under rest and 

stimulated conditions (Figure 14A and B) as well as the different mitochondrial protein 

association (Figure 14C).  

 As seen in Figure 14A, PLIN3 and PLIN5 are most abundant in the OMM/IMS at 

rest. However, with acute electrical stimulation and muscle contraction, PLIN5 is 

depleted in the OMM/IMS fraction, and is found in great quantity within the mitoplast 
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(Figure 14B), although PLIN3 does not shift and remains in the OMM/IMS. In an effort 

to explain these data, we hypothesized that PLIN5, and not PLIN3, would have a stronger 

association with proteins that link the OMM and IMM, such that when the OMM is 

digested off, PLIN5 would be isolated with the mitoplast. Indeed, PLIN3 and PLIN5 both 

co-precipitated with ACSL1, but only PLIN5 co-precipitated with CPT I (Figure 14C). 

Further investigation found that CPT I co-precipitated with CPT II, helping to explain the 

connection between the OMM and IMM, and offering a possible explanation for the 

redistribution of mitochondrial PLIN5 protein content following stimulation. However, 

there are several limitations/problems with this explanation: 

1. Although the isolated mitochondria were kept frozen (-80°C) and thawed prior to 

co-immunoprecipitation, it is still possible that membrane fragments linking the 

mitochondrial proteins still remained, and therefore our data does not necessarily 

represent protein-protein interactions; 

2. We did not see any differences in degree of co-precipitation between PLIN5 and 

CPT I or CPT I and CPT II between rest and stimulation, making it difficult for 

this to be the full explanation; 

3. PLIN5 and CPT II did not co-precipitate, which would be expected if there were 

protein-protein interactions between PLIN5, CPT I, and CPT II. 

Therefore, we cannot discount the possibility that mitochondrial PLIN5 is redistributing 

to the IMM or the Mx fraction on its own following stimulated contraction. 

 Nevertheless, these data contribute to our understanding that PLIN3 and PLIN5 

have different functional roles with the mitochondria, and we have eliminated the 
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possibility of the PLINs associating with the Mfn proteins under the conditions that we 

co-precipitated the proteins. Further, PLIN3 and PLIN5 both associate with ACSL1, 

which needs to be explored in future studies. Although we do not fully understand 

PLIN5's relationship with the CPT system, this is the first study to indicate that these two 

proteins are functionally related and indicates a role for PLIN5 in regulating fat 

oxidation.  
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Figure 14. Proposed schematic of the intra-mitochondrial location of PLIN3 and PLIN5 as 

well as their co-precipitated mitochondrial proteins. The majority of mitochondrial PLIN3 and 

PLIN5 protein content localizes to the OMM/IMS during rest (A); however following stimulated 

contraction (B), only PLIN5 redistributes so that the majority of the protein content is found in the 

IMM/Mx and PLIN3 remains in the OMM/IMS fraction; Figure 14C represents the different mitochondrial 

proteins that PLIN3 and 5 co-precipitated with. There were no differences in associations following 

stimulation therefore this figure encapsulates both resting and stimulated conditions.                   
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Future Directions 

 Further investigation is required to establish the exact roles of these two PLIN 

proteins within skeletal muscle mitochondria during rest and stimulated lipolytic 

conditions. Focus should shift to specifically examine why PLIN3 and PLIN5 associate 

with certain mitochondrial proteins and if there are other specific mitochondrial proteins 

that could potentially be involved. Understanding the roles that PLIN3 and PLIN5 play 

within the mitochondria could lead to clarity among lipid utilization and energy 

production. A more mechanistic approach may need to be taken to solve the intra-

mitochondrial function of these PLIN proteins under rest and following stimulated 

contraction. Additional work should investigate the exact nature of the CPT I-PLIN5 

interaction as well as the association between both PLIN3 and PLIN5 with ACSL1.   

 Future research into mitochondrial PLIN3 and PLIN5 should consider examining 

different stimuli conditions such as a longer, more chronic stimulus (1hr or longer) and 

whether or not this affects the relationship between the PLINs and the associated 

mitochondrial proteins from the CPT system. Possible effects from a long-term 

endurance training study should also be examined to show whether or not PLIN3 and 

PLIN5 change location within the mitochondria and whether or not they associate with 

these same proteins with contraction following endurance training. As seen in previous 

research, it was found that PLIN3 protein content increased with an 8-week endurance 

training protocol and that PLIN5 did not change (Ramos et al, 2015). With PLIN3 protein 

content increasing with training, this corresponds well to the higher apposition of lipid 

droplet and mitochondria observed in humans with training (Tarnopolsky et al, 2007), 

PLIN3 could have an important role at the outer mitochondrial membrane (where these 
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two organelles interact). However, it is not known if PLIN3 or PLIN5 location change 

during or after an endurance training protocol. With a longer endurance training study it 

would be evident that there would be a higher rate of muscle lipolysis would and more 

fatty acids would be utilized. Therefore, the PLIN proteins may have a more important 

role with not only the CPT proteins but also the mitochondria as a whole. 

 Previous research has demonstrated that lipid droplet and mitochondrial 

apposition differs between males and females (Devries et al 2007 and 2013) as well as 

young compared to older individuals (Crane et al, 2010). However, this apposition only 

increased in females during a moderate endurance exercise opposed to a longer 

endurance training perturbation that saw an increase in apposition in both males and 

females. Further research looking into the roles of PLIN3 and PLIN5 with regards to the 

mitochondria should also look into the difference between location and association that 

the PLINs have in both a male and female model. These differences in lipid droplet and 

mitochondrial apposition could be important to the roles that the PLINs have. Whether or 

not the PLINs are aiding in either the delivery of free fatty acids into the mitochondria for 

energy production or if they are helping in the trafficking of these organelles which 

would create a greater apposition as seen in the previous studies.      
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Appendix I.  

Structure and Function of PLIN3 and PLIN5.  

In order to generate a greater understanding of the chemical structure and function 

of PLIN3 and PLIN5, a universal protein analysis was utilized. First, both the original 

and translated mRNA sequence for both PLINs were analyzed through the National 

Center for Biotechnology Information, the translated mRNA sequences used for further 

analysis. Next, these reference sequences were then inputted into the UniProt database 

(http://www.uniprot.org/) to generate a comprehensive and high-quality protein sequence 

and functional information key. Additional resources used to analyze the PLINs structure 

and function were the RCSB Protein Data Bank 

(https://www.rcsb.org/pdb/home/home.do), Swiss Model 

(https://swissmodel.expasy.org/), and ExPASy (https://www.expasy.org/).    

 

Figure 15. Outline of the similarity between the amino acid sequences of the PLIN family of 

proteins. The green region named the PAT1 region is composed of 100 amino acids that are similar on all 

PLIN proteins except for PLIN4 and is found on the N terminal of the protein. The yellow region (11-mer 
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repeat region) is present on all PLIN family members and consists of amphipathic helices. PLIN1 is the 

only PLIN protein with the light blue region (acidic sequence) where that region is polar and three 

hydrophobic regions in purple. PLIN2, PLIN3, and PLIN5 have similar dark blue regions (4-helix bundle 

sequences) where the protein fold into four amphipathic alpha-helices. All of the PLIN family members 

except PLIN1 have a hydrophobic cleft identified as red but only PLIN1 has known phosphorylation sites 

that are identified in black (adapted from Brasaemle et al, 2007).   

ORIGIN       
        1 ggatcgcccg aaatacccgc agagtctgag ctctgcactc agggatctga 

ttttccggct 

       61 gctgcctcca cctctgtaag tggggctggt gttcctgtct gtccctactg 

gaaatggacc 

      121 agagaggcaa agacaccacc ctagctctac acagcaggat gtccggtgat 

cagacagctc 

      181 aggaccctgg atccagcctg ggggaactgg accagcacaa cgtggtgaag 

cgagtggtgg 

      241 ccttgcccct ggtcagggcc acgtgcactg ctgtgtctgg tgcctacaac 

tcagccaagg 

      301 acaggcaccc gctgctgggc tctgcctgcc gctttgctga acactgtgtg 

tgtagtgtgg 

      361 ctacctgtgc cctggaccac gcacagccac tgctggagca cctgcagccc 

aagttggcca 

      421 cagtgaatga tcttgcctgc aggggactag acaaattgga agagaagctg 

cccttcctgc 

      481 agcagccatc ggacacggtg gtcacctcag ccaaggatgc agtggccaaa 

agtgtcacag 

      541 gcgtggtgga cctggcccaa aggggccggc gttggagcgg ggagctgagg 

cgctccgtga 

      601 gccaagccat ggacactgtg ctgaggcgct ccgtgagcca agccatggac 

actgtgctgg 

      661 gcaaatcaga ggagctggtg gaccatttcc tgcccatgac tgaagctgag 

ctagtggccc 

      721 tggcgactga gtcccagggc ccagaagtgg gctcagtgga ggagcagagg 

cagaaacagg 

      781 gctactttgt gcgtctggga tccctatcgg cacgcctccg ccatcttgcc 

tatcaacact 

      841 ctttggggaa actgagggag agcaaacacc gcacccagga gatgctggcc 

cagctgcaga 

      901 aaactctgga gctgatccag catatgcaga gtagggcaag ccccacccct 

actttccatc 

      961 acccaaaggt ccaggagctt tgcggggact ggagcccatg tctggagaat 

ggctaccgcc 

     1021 acagccaggt ggagctggag acactggctc tgtcgagaag tctgaccctg 

gagctgcaga 

     1081 gtgcagtgga tgcccttgca ggctgtgttc ggggcctgcc ccctagtgcc 

caggccaagg 

     1141 tggctgaagt gcagcgcagt gtggatgctc tacaggccac ctttgctgat 

gcacactgcc 

     1201 ttggtgacgt ggcacccact gctctggctg agggccagga cagcgtggcc 

caggcacatg 

     1261 cctgtgtgga tgagttcctg gatttggtcc ttcgagccat gccactggcc 

tggcttgtgg 

     1321 ggccctttgc gcccatcttg gtggagcggt cagagcccct gatcaacctg 

gccacctgtg 

     1381 tggatgaggt ggtgggtgac cctgaccccc gctgggcaca catggactgg 

ccagcccagc 



97 
 

     1441 agagggcctg ggaggctgag cctgcagacc ctgggggaca agaggctgag 

cccccactgg 

     1501 gccaggtcaa gcacacaatg atgccagagc tagacttctg accatcgagg 

tccctactgc 

     1561 cccctggtgg tcctatgaca gcactcaagc tagtcagggc ttctgctccc 

ttccctagat 

     1621 tttgaggtct aagtggactt cagcagacaa atttcaaccc ctcacaggag 

acccttcctt 

     1681 atgatcatgt ccttaccccc aaagttgacg gccagcttga gctgccttat 

caagaatgtc 

     1741 tcaaaaaaaa aaaaaaaaaa aaaaaaaaag aaagacaaag gtggctggga 

ggaagacctg 

     1801 gtacccacag tacctggggg cttgggactc ctcaaatcaa atgattttgg 

ttagtgccca 

     1861 gccacccttg ctgggccaga gagactcaat tgctttgctg tttgtggtcc 

agaataaaca 

     1921 tgtttggtgt ggtctaa 

 

Translation: 
MDQRGKDTTLALHSRMSGDQTAQDPGSSLGELDQHNVVKRVVALPLVRATCTAVSGAYNSAKDRHPLLGSAC

RFAEHCVCSVATCALDHAQPLLEHLQPKLATVNDLACRGLDKLEEKLPFLQQPSDTVVTSAKDAVAKSVTGV

VDLAQRGRRWSGELRRSVSQAMDTVLRRSVSQAMDTVLGKSEELVDHFLPMTEAELVALATESQGPEVGSVE

EQRQKQGYFVRLGSLSARLRHLAYQHSLGKLRESKHRTQEMLAQLQKTLELIQHMQSRASPTPTFHHPKVQE

LCGDWSPCLENGYRHSQVELETLALSRSLTLELQSAVDALAGCVRGLPPSAQAKVAEVQRSVDALQATFADA

HCLGDVAPTALAEGQDSVAQAHACVDEFLDLVLRAMPLAWLVGPFAPILVERSEPLINLATCVDEVVGDPDP

RWAHMDWPAQQRAWEAEPADPGGQEAEPPLGQVKHTMMPELDF 

 

Figure 16. PREDICTED: Rattus Norvegicus perilipin 5 (PLIN5), mRNA  

 

Analysis of structure and function of PLIN5  

PLIN5 sequence analysis: 

Feature 

Key 

Position(s) Description Sequence 

Length 

Region: A 1 - 200  Essential for lipid droplet targeting 200 

Region: B 1 - 123 Interaction with Hormone Sensitive Lipase 123 

Region: C 212 - 475 Interaction with Adipose Triglyceride 

Lipase and Lipid Droplet Binding Protein 

CGI-58 

264 

Region: D 456 - 475 Recruits mitochondria at the lipid droplet 

surface (Wang et al, 2011c) 

20 
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A. 
        10         20         30         40         50 

MDQRGKDTTL ALHSRMSGDQ TAQDPGSSLG ELDQHNVVKR VVALPLVRAT  

        60         70         80         90        100 

CTAVSGAYNS AKDRHPLLGS ACRFAEHCVC SVATCALDHA QPLLEHLQPK  

       110        120        130        140        150 

LATVNDLACR GLDKLEEKLP FLQQPSDTVV TSAKDAVAKS VTGVVDLAQR  

       160        170        180        190        200 

GRRWSGELRR SVSQAMDTVL RRSVSQAMDT VLGKSEELVD HFLPMTEAEL  

       210        220        230        240        250 

VALATESQGP EVGSVEEQRQ KQGYFVRLGS LSARLRHLAY QHSLGKLRES  

       260        270        280        290        300 

KHRTQEMLAQ LQKTLELIQH MQSRASPTPT FHHPKVQELC GDWSPCLENG  

       310        320        330        340        350 

YRHSQVELET LALSRSLTLE LQSAVDALAG CVRGLPPSAQ AKVAEVQRSV  

       360        370        380        390        400 

DALQATFADA HCLGDVAPTA LAEGQDSVAQ AHACVDEFLD LVLRAMPLAW  

       410        420        430        440        450 

LVGPFAPILV ERSEPLINLA TCVDEVVGDP DPRWAHMDWP AQQRAWEAEP  

       460        470  

ADPGGQEAEP PLGQVKHTMM PELDF 

 

B. 
 

        10         20         30         40         50 

MDQRGKDTTL ALHSRMSGDQ TAQDPGSSLG ELDQHNVVKR VVALPLVRAT  

        60         70         80         90        100 

CTAVSGAYNS AKDRHPLLGS ACRFAEHCVC SVATCALDHA QPLLEHLQPK  

       110        120        130        140        150 

LATVNDLACR GLDKLEEKLP FLQQPSDTVV TSAKDAVAKS VTGVVDLAQR  

       160        170        180        190        200 

GRRWSGELRR SVSQAMDTVL RRSVSQAMDT VLGKSEELVD HFLPMTEAEL  

       210        220        230        240        250 

VALATESQGP EVGSVEEQRQ KQGYFVRLGS LSARLRHLAY QHSLGKLRES  

       260        270        280        290        300 

KHRTQEMLAQ LQKTLELIQH MQSRASPTPT FHHPKVQELC GDWSPCLENG  

       310        320        330        340        350 

YRHSQVELET LALSRSLTLE LQSAVDALAG CVRGLPPSAQ AKVAEVQRSV  

       360        370        380        390        400 

DALQATFADA HCLGDVAPTA LAEGQDSVAQ AHACVDEFLD LVLRAMPLAW  

       410        420        430        440        450 

LVGPFAPILV ERSEPLINLA TCVDEVVGDP DPRWAHMDWP AQQRAWEAEP  
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       460        470  

ADPGGQEAEP PLGQVKHTMM PELDF   

C. 
        10         20         30         40         50 

MDQRGKDTTL ALHSRMSGDQ TAQDPGSSLG ELDQHNVVKR VVALPLVRAT  

        60         70         80         90        100 

CTAVSGAYNS AKDRHPLLGS ACRFAEHCVC SVATCALDHA QPLLEHLQPK  

       110        120        130        140        150 

LATVNDLACR GLDKLEEKLP FLQQPSDTVV TSAKDAVAKS VTGVVDLAQR  

       160        170        180        190        200 

GRRWSGELRR SVSQAMDTVL RRSVSQAMDT VLGKSEELVD HFLPMTEAEL  

       210        220        230        240        250 

VALATESQGP EVGSVEEQRQ KQGYFVRLGS LSARLRHLAY QHSLGKLRES  

       260        270        280        290        300 

KHRTQEMLAQ LQKTLELIQH MQSRASPTPT FHHPKVQELC GDWSPCLENG  

       310        320        330        340        350 

YRHSQVELET LALSRSLTLE LQSAVDALAG CVRGLPPSAQ AKVAEVQRSV  

       360        370        380        390        400 

DALQATFADA HCLGDVAPTA LAEGQDSVAQ AHACVDEFLD LVLRAMPLAW  

       410        420        430        440        450 

LVGPFAPILV ERSEPLINLA TCVDEVVGDP DPRWAHMDWP AQQRAWEAEP  

       460        470  

ADPGGQEAEP PLGQVKHTMM PELDF 

 

D. 
        10         20         30         40         50 

MDQRGKDTTL ALHSRMSGDQ TAQDPGSSLG ELDQHNVVKR VVALPLVRAT  

        60         70         80         90        100 

CTAVSGAYNS AKDRHPLLGS ACRFAEHCVC SVATCALDHA QPLLEHLQPK  

       110        120        130        140        150 

LATVNDLACR GLDKLEEKLP FLQQPSDTVV TSAKDAVAKS VTGVVDLAQR  

       160        170        180        190        200 

GRRWSGELRR SVSQAMDTVL RRSVSQAMDT VLGKSEELVD HFLPMTEAEL  

       210        220        230        240        250 

VALATESQGP EVGSVEEQRQ KQGYFVRLGS LSARLRHLAY QHSLGKLRES  

       260        270        280        290        300 

KHRTQEMLAQ LQKTLELIQH MQSRASPTPT FHHPKVQELC GDWSPCLENG  

       310        320        330        340        350 

YRHSQVELET LALSRSLTLE LQSAVDALAG CVRGLPPSAQ AKVAEVQRSV  

       360        370        380        390        400 

DALQATFADA HCLGDVAPTA LAEGQDSVAQ AHACVDEFLD LVLRAMPLAW  

       410        420        430        440        450 

LVGPFAPILV ERSEPLINLA TCVDEVVGDP DPRWAHMDWP AQQRAWEAEP  

       460        470  

ADPGGQEAEP PLGQVKHTMM PELDF 
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Figure 17. PREDICTED: Rattus norvegicus perilipin 5 (PLIN5), translated mRNA with 

highlighted sequence regions. 

 
UniProt Function of PLIN5:  

Lipid droplet-associated protein that maintains the balance between lipogenesis and lipolysis and regulates 

fatty acid oxidation in oxidative tissues. Recruits mitochondria to the surface of lipid droplets and is 

involved in lipid droplet homeostasis by regulating both the storage of fatty acids in the form of 

triglycerides and the release of fatty acids for mitochondrial fatty acid oxidation. In lipid droplet 

triacylglycerol hydrolysis, plays a role as a scaffolding protein for three major key lipolytic players: lipid 

droplet binding protein (CGI-58), adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL). 

Reduces the triacylglycerol hydrolase activity of ATGL by recruiting and sequestering ATGL to lipid 

droplets. Phosphorylation by PKA enables lipolysis probably by promoting release of CGI-58 from the 

perilipin scaffold and by facilitating interaction of CGI-58 with ATGL. Also increases lipolysis through 

interaction with HSL and upon PKA-mediated phosphorylation of HSL. Following sequence analysis, 

PLIN5 lacked a mitochondrial signal sequence, which is required for insertion into the IMM or the Mx. 

UniProt Subunit Structure of PLIN5:  

Homooligomer. Interacts with ATGL; prevents interaction of ATGL with CGI-58. Interacts with CGI-58; 

targets CGI-58 to lipid droplets and promotes interaction of CGI-58 with ATGL. Interacts with HSL. 

 

ORIGIN       
        1 cccctccctc cacgggaccc acaaggccgc cccccccccc tccgggtaga 

tcggagctgg 

       61 acttgttagg gaaggtttcc tggcctcgac gacctgagga ctttgcaact 

gctgctgaga 

      121 ccatgtctag caatgggaca gaagctcctg ctgaagaagt tcaggctgct 

gtggaggatc 

      181 ctaccatgca gcctagtgtg gtgggccgtg ttgccaacct gcctctcatc 

agttccacat 

      241 gtgggatggt gagtgctgcc tacacctcca ccaaggagag ctacccccac 

gtcaggacgg 

      301 tgtgcgacgt ggctgagaaa ggggtcaaga ccctcaccac agctgcggtc 

agcagggcgc 

      361 aacccatcct gtccaagctg gagccccaga ttgtgacagc caacaagtat 

gcacaccaag 

      421 ggctggatag actgcaggag agtctgccca tcctccagca gcccactgag 

aaggttttgg 

      481 cggatactaa ggaactggtg tcatcaacag tgtctggggc tcgagaaatg 

gtatccagct 

      541 cagtgtctgg tgcaaaggac acagtggcca ctagggtcac aggagcagtg 

gatgtgacct 

      601 gtggggctgt gaaaagcagc gtggacatga ccaagtccgc aatgaccagc 

ggtgttcagt 

      661 caatcatggg ttcccgcgtg ggacagatgg tgattagcgg agtggacagg 

gtgctggtga 

      721 agtcggaggc ctgggcagac aatcgcctgc ccctgacaga cacagaacta 

gccctgattg 

      781 ccacatctcc agagggcgca gacatggcct ccctgcagca gcagagacag 

gaaaggagct 

      841 actttgtcag gttgggctcg ctctccgaga gactccgcaa ccaggcctat 

gagcactccc 

      901 tgggcaagct gtgtaatgtc aggcagagtg cacaggacgc gctgcagcag 

ctcgcacatg 
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      961 tgcttagcct gatggaatct gtgaaacagg gtgtggacca gaggctggag 

gaggggcagg 

     1021 agaagctgca ccagatgtgg ctcacctgga atcagaagac cccacaggat 

gccgaaaagg 

     1081 acccatctaa gccagagcag gtggaggccc aggcactcag tgtgttcagg 

gacatcgccc 

     1141 agcagcttca gagcacgtgt gtggccctgg gggccagcat ccaaggcctg 

ccgagccacg 

     1201 tcagggagca ggcccagcag gcgcggagcc aggtggatga ccttcaggcc 

accttctctg 

     1261 gcatccactc cttccaggac ctcacagcca gtgttcttgc ccaaactcga 

gagcacatag 

     1321 ccagagcccg agatgccctt gagcacactg tggagtatgt ggcccagaac 

actccagcca 

     1381 tgtggctggt gggccccttt gctcctggaa tcactgagaa agcccctgaa 

gagaagtagg 

     1441 gagaaggacc agggccaaca cctatctgac ttgactgctt ttcccaacag 

tcctgttgca 

     1501 cagcaggtct tcccctactc tgagtctgaa tgagacgtgt ttaacctttt 

cccatcagtc 

     1561 tttttaaagc aaaaatattt tttctagaat ctagaatgtt ctggaaaaaa 

ttgttttcct 

     1621 gaaaaaatga ggatgatgaa tagtgatagc acaagcctgt catcctgggc 

cagccctgtg 

     1681 gtgtagaagc aggagggtca gttcaaagcc tgactgccac atagcaaatt 

caatgatagc 

     1741 ctagactacg taagaccttg tcttgaagta aatcaggcat agtgacattc 

cactccagtt 

     1801 tctttcctgc attcatggcc cagaatagca agagcttttc tgacagaccc 

tgatacctgg 

     1861 tccaagaatc cagcaactgt gacaggatgg agaactggag tgttgcagtc 

gtttcagatg 

     1921 agaaagtgag agctgagaat ccactgtccc ttagataatg ccttaataaa 

ttttacctgc 

     1981 ttcagagac 

 

Translation: 
MSSNGTEAPAEEVQAAVEDPTMQPSVVGRVANLPLISSTCGMVSAAYTSTKESYPHVRTVCDVAEKGVKTLT

TAAVSRAQPILSKLEPQIVTANKYAHQGLDRLQESLPILQQPTEKVLADTKELVSSTVSGAREMVSSSVSGA

KDTVATRVTGAVDVTCGAVKSSVDMTKSAMTSGVQSIMGSRVGQMVISGVDRVLVKSEAWADNRLPLTDTEL

ALIATSPEGADMASLQQQRQERSYFVRLGSLSERLRNQAYEHSLGKLCNVRQSAQDALQQLAHVLSLMESVK

QGVDQRLEEGQEKLHQMWLTWNQKTPQDAEKDPSKPEQVEAQALSVFRDIAQQLQSTCVALGASIQGLPSHV

REQAQQARSQVDDLQATFSGIHSFQDLTASVLAQTREHIARARDALEHTVEYVAQNTPAMWLVGPFAPGITE

KAPEEK 

 

Figure 18. PREDICTED: Rattus Norvegicus perilipin 3 (PLIN3), mRNA 
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Analysis of structure and function of PLIN3  

PLIN3 sequence analysis: 

Feature Key Position(s) Description Sequence 

Length 

Coiled Coil:  252 -277  Sequence Analysis  26 

Coiled Coil:  353 - 377 Sequence Analysis  25 

 

        10         20         30         40         50 

MSADGAEADG STQVTVEEPV QQPSVVDRVA SMPLISSTCD MVSAAYASTK  

        60         70         80         90        100 

ESYPHIKTVC DAAEKGVRTL TAAAVSGAQP ILSKLEPQIA SASEYAHRGL  

       110        120        130        140        150 

DKLEENLPIL QQPTEKVLAD TKELVSSKVS GAQEMVSSAK DTVATQLSEA  

       160        170        180        190        200 

VDATRGAVQS GVDKTKSVVT GGVQSVMGSR LGQMVLSGVD TVLGKSEEWA  

       210        220        230        240        250 

DNHLPLTDAE LARIATSLDG FDVASVQQQR QEQSYFVRLG SLSERLRQHA  

       260        270        280        290        300 

YEHSLGKLRA TKQRAQEALL QLSQVLSLME TVKQGVDQKL VEGQEKLHQM  

       310        320        330        340        350 

WLSWNQKQLQ GPEKEPPKPE QVESRALTMF RDIAQQLQAT CTSLGSSIQG  

       360        370        380        390        400 

LPTNVKDQVQ QARRQVEDLQ ATFSSIHSFQ DLSSSILAQS RERVASAREA  

       410        420        430  

LDHMVEYVAQ NTPVTWLVGP FAPGITEKAP EEKK 

 

Figure 19. PREDICTED: Rattus norvegicus perilipin 3 (PLIN3), translated mRNA with 

highlighted sequence regions. 
Coiled coils are built by two or more alpha-helices that wind around each other to form a supercoil. There 

can be two, three, or four helices in the bundle and they might run either in the same (parallel) or in the 

opposite (antiparallel) direction. These coiled coils are annotated with the 'Sequence analysis' evidence 

even when they are proven experimentally since their precise boarders have not been determined in most 

cases. It has been established that PLIN3 is involved in triglyceride catabolism and retrograde transport at 

the Trans-Golgi-Network. Other protein-protein interactions that PLIN3 has been found to make with are 

Ras-related Rab-9A; which is involved in the transport of proteins between the endosomes and the trans-

golgi-network (by similarity 97.6% - 201 aa). Rho-related BTB domain-containing protein 3 (by similarity 

96% - 611 aa). Cation-dependent mannose-6-phosphate receptor; Transport of phosphorylated lysosomal 

enzymes from the Golgi complex and the cell surface to lysosomes (by similarity 93% - 278 aa).  
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UniProt Function of PLIN3: 

PLIN3 is required for the transport of mannose-6-phosphate receptor from endosomes to the trans-golgi-

network.  

UniProt Subunit Structure of PLIN3:  

Homooligomer. Interacts with mannose 6-phosphate receptor (via the cytoplasmic domain). Interacts with 

cation-independent mannose 6-phosphate receptor (via cytoplasmic domain). Isoform 2 may exist as a 

homodimer (known as PP17C).    
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Appendix II.  

 

Intra-mitochondrial protein distribution of PLIN3 and PLIN5 based on mg of 

protein at rest and following electrically stimulated contraction.   

 

 

Figure 20. Intra-mitochondrial PLIN5 protein content at rest and following acute electrical 

stimulation induced lipoysis. PLIN5 is more closely associated with the IMM/Mx fraction following 

stimulated contraction. a, (p=0.029) treatment within OMM/IMS; b, (p=0.010) treatment within IMM/Mx; 

*, (p=0.006) location within stimulation. Representative blot at 50kDa. 
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Figure 21. Intra-mitochondrial PLIN3 protein content at rest and following acute electrical 

stimulation induced lipoysis. PLIN3 association did not change within the fractions following 

stimulated contraction, and was found primarily in the IMM/Mx. Main effect, a, (p=<0.001) between the 

two fractions. Representative blot at 47kDa. 
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Appendix III.  

PLIN3 and PLIN5 co-immunoprecipitation ratios with mitochondrial proteins.  

 

 

Figure 22. Ratio averages between immunoblotted ACSL1 and immunoprecipitated PLIN3 

and PLIN5. There were no differences between rest and stimulated conditions concerning the association 

between ACSL1 and both PLIN3 shown in graph A and PLIN5 presented in graph B.  
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Figure 23. Ratio averages between immunoblotted CPT I and immunoprecipitated PLIN5. 
There were no differences between the CPT I and PLIN5 association at rest and following contraction.    

 

 

Figure 24. Ratio averages between immunoblotted CPT II and immunoprecipitated CPT I. 
There were no differences between the association of CPT I and CPT II at rest and following stimulated 

conditions.  
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